The application of doppler Hα spectroscopy to the prediction of experimental fusion rates in a deuterium-filled inertial electrostatic confinement device by Kipritidis, John
The Application of Doppler H0 Spectroscopy to the Prediction of 
Experimental Fusion Rates in a deuterium-filled Inertial 
Electrostatic Confinement device 
John Kipritidis (SID: 200224201) 
School ofPhysics 
Univers.ity of Sydney 
Australia 
A thesis submitted for the degree of Doctor of Philosophy (Research) 
July 26, 2009 
Declaration of originality 
I certify that the work presented in this thesis was undertaken solely during my PhD candidature, and has 
not been presented for any other degree. 
I certify also that this thesis was written by myself, and that all external contributions and sources 
have been duly acknowledged. 
Signature of candidate: 
John Kipritidis 
Acknowledgements 
As I sit in this humble student office, it occurs to me that some things in life and physics never tum out 
quite as you'd expect. 
I'm finding that I emerge from my postgrad research with even more fascination and awe than I 
had going in. For that I thank my supervisor, the inimitable Dr. Joe Khachan. Joe, I could never have 
made it this far without your caring guidance, tireless effort and deep appreciation for all things practical. 
These four years studying IEC turned out to be the most amazing of my life, and opened up my eyes 
in countless ways. Like you told me once, sometimes life is about the journey. From running a fusion 
reactor, to presenting in Japan . .! feel like I've journeyed farther than I'd ever dreamed. Thank you for 
everything. 
Perhaps another thing I didn't expect is that the general community of the School of Physics could 
be so incredibly nurturing. Of those who have influenced me most directly over the years, I want to 
thank my associate supervisor Dr. Alex Samarian, A/Prof. Brian James, Dr. Stephen Bosi, Honorary 
Senior Lecturer Ian Falconer, Dr. Richard Tarrant, Prof. David McKenzie and Prof. Clive Baldock. 
You have all helped shape this thesis immeasurably through your illuminating and varied conversations, 
the organization of interdisciplinary seminars or even through providing opportunities to observe and 
appreciate research in totally different fields. This gives postgrads like myself invaluable perspective. 
Thanks also to Phil Denniss, Robert Davies and George Shan for your technical support and thoughtful 
insight. 
Then there's the legendary Mr. John Pigott. It's not an exaggeration to say that your vast technical 
expertise and keen eye for the intricacies of high voltage, high current circuit design is the reason my 
power supply exists at all. It was an honour to work with you, you really do deserve a paragraph all your 
own. 
I want to thank also the University of Sydney Research Office for providing my scholarship, and 
the School of Physics for its Denison Fund that provided the aesthetically-pleasing laptop on which I'm 
writing this. To A/Prof. Manju Sharma, Dr. Phil Dooley, Lara Davis and Dr. Kevin Varvell - through 
encouraging me to teach, you have encouraged me to learn. There's also the Administration staff- Eve 
Teran, Hyacinth Alfonso, David Young, Chindy Praseuthsouk, Jean Pierre Cheaib and Sang Huynh -
you were ever helpful and lively. And thanks of course to the Head of School, Prof. Anne Green, for 
fostering the strong sense of connection and community this School so deservedly enjoys. 
Possibly another thing I didn't expect is that this place would be so nurturing socially. Indeed, I would 
count all my colleagues in the IEC group among my good friends. To Oded Shrier, I know you've never 
11 
used your 'Dr.' title- but if any graduate deserves it, it's you. Your eminent kindness, not to mention your 
heartfelt honesty about life, physics and everything in between will always evoke my deepest gratitude 
and respect. Michael Fitzgerald, to me you'll always be part of the original cast. I'm glad to see you and 
Kat riding off into the sunset, I'm sure your life will always be full of awesome stories. Nicholas Evans 
- long ago an IEC Honours student and my original office mate- you always inspired me. And still do. 
I've also had the chance to watch our humble group grow over the years. Every time it does, I feel 
like I can add another friend to the list. So I shout out to Garth De Visser and his wife Irene, as well as 
Matt Carr, Dave Gummersall, and the new Honours students Adam, Scott and Colin. I hope this Thesis 
gives you some new ideas (and a new power supply!) to play with, but don't feel like you have to take any 
of it on faith. The most any model or observation can hope to do is scratch away at the truth underneath 
- and I'm paraphrasing from the Master here - so if this slim tome inspires you to see something that I 
didn't see, then I've done my job. I do think most people studying fusion expect to save the world. And 
like I keep saying, things don't always work out the way you'd expect - but keep an open mind, and keep 
asking questions .. because you never know. 
Beyond the IEC group, I've had the chance to meet so many amazing students and researchers, 
so cheers to all the current and former denizens of Room 362 - Aiping, Anthony, the Nicks, Shoshe, 
Danny. To all of our High-Energy and Astro visitors from down the hall - Aldo, Bruce, Rebecca, Poker, 
Dave, Daniel, Madhura, Anant, Silvy, Stephen, and of course Dr. Reza Hashemi-Nezhad and Prof. 
Tim Bedding. To those who are SUPER or variously Applied - Lenaic, Christine, Scott, Roberto, Mat, 
Myles, Alexey, Chanokpom, Vanessa and Cenk. And to those in CUDOS or who are otherwise Complex 
-Michael, Tom, Bill, Dean, Eugene and James. Last Fridays were a blast. Thanks also to Ralph's, whose 
coffees are as refined and comforting as our loyal office couch. May it never be vacuumed, or moved. 
To Kate Randall, you are the life of the party. And to Christophe Comet, I would sing showtunes 
with you any day. I have cried on your shoulders, thank you both for being two of my closest and dearest 
friends. And yeah, I know that in all of this, there will be other names I've forgotten to mention. Names 
that I will remember, no doubt, five minutes after sending this off to the printers. If this is you, then you 
know who are. Indeed, I feel it difficult to dedicate this Thesis to any one person. But there are a few 
that stand out; 
To my parents, John and Susan, I am so extraordinarily grateful to be your son. You have taught me, 
if not how to save the world, then at least how to live in it. I'll always carry that part of you with me. 
And so I know that wherever life takes me, I'll be okay. And to my brother James, I am so proud of you. 
To my wonderful family, I wish all the peace and happiness in the world. 
And finally, to Mark. My dear Mark. I never expected to fall in love. But I'm glad I did. 
lll 
Abstract 
Inertial Electrostatic Confinement (IEC) aims to produce nuclear fusion reactions by accelerating ions of 
a deuterium plasma through concentric gridded electrodes such that they collide in the centre. Despite 
the existence of collimated beams of brilliant optical emission emerging from the apertures of the inner 
electrode (cathode), there has been surprisingly little emphasis on the application of optical diagnostics 
in characterizing the neutron production in a deuterium-filled device. This work focuses on the develop-
ment, validation and limitations of such a diagnostic for a steady-state IEC device operating in a gaseous 
discharge of hydrogen, which is chemically identical to the deuterium discharge and avoids some of the 
radiation concerns associated with neutron production. 
This work began under the auspices of two seemingly opposed models for IEC devices operating as a 
gaseous discharge. The more conventional model of a 'convergent ion focus' would imply that emission 
channels arise primarily due to ions undergoing charge-exchange with the gas as they accelerate towards 
and through the cathode. The other model, based on more recent results using Doppler spectroscopy 
in hydrogen, suggests that the dominant mass flux inside the beams is that of energetic neutral atoms 
emerging from the cathode apertures after having been produced by ions accelerating away from a region 
of positive space charge (or 'virtual anode') within the cathode center. Moreover, earlier observations of 
electron deflection under a magnetic field suggested that these beams of ions and neutrals exist collinear 
to a beam of electrons which are highly monoenergetic. For the case of the cylindrically symmetric 
discharge arising from an open-ended and cylindrical hollow cathode, this alternate model was deemed 
the 'Abnormal Hollow Cathode' (AHC) discharge in analogy to the hollow cathode effect observed in 
spectral lamps. 
We employ the AHC model to develop an optical diagnostic for the absolute densities of energetic H 
ion species emerging from the cathode apertures of a cylindrically symmetric, steady-state IEC discharge 
in H2 for cathode voltages of units and tens of kV and units and tens of mTorr pressures. The method 
combines results from earlier collisional-radiative (CR) models, comparing intensity of Balmer H0 due 
to excitation ofH2 by 'fast' (units and tens ofkeV) electrons to Doppler shifted emission arising from 
charge exchange of fast ions. The method is advantageous as it can be applied to a single spectrum of 
H0 using plasma parameters (pressure, current and voltage) which are all readily obtained. Our optical 
diagnostic is initially applied to a preexisting IEC setup producing a relatively low energy DC discharge 
of voltage -5 kV, pressure 20 mTorr and currents 10- 30 rnA. Refitting the electrode arrangement to 
withstand fusion-relevant voltages (tens ofkV), we then correlate predicted and measured neutron rates 
for separate conditions of constant voltage (-30 kV) and pressure ( ~ 5 mTorr). Predictions capture the 
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variation of experimental fusion rates with DC current in the range 10- 50 rnA and agree with measured 
values to within an order of magnitude, validating the optical diagnostics. 
In the interests of validating the underlying AHC model, the optically determined ion densities are 
used as inputs for the simulation of electrostatic potential, Doppler spectra and average particle energies 
and densities along the beam axis for a steady-state discharge in H2. Our semi-analytic, intuitive solution 
method couples a matrix representation of H:J" production by electron ionization to that of ion charge 
exchange with the background gas, and is largely free of the numerical noise associated with more 
conventional Monte Carlo modeling approaches. The calculated potential profiles support the existence 
of a positive space charge within the cathode interior, with simulated Doppler spectra replicating the 
observed increase of fast neutral densities away from the cathode center. For the steady-state discharge 
we calculate electron energy distributions which support earlier observations of highly energetic electron 
beams, and we cast new light on the origin of the central peak emission in that the electron contribution is 
only 10% of the anticipated value. In fact, our simulations suggest that the central peak arises primarily 
due to excitation of the gas instead. Even more crucially, calculations yield mass fluxes for in flowing 
and outgoing ions which are approximately equal, but also smaller than those for fast neutrals produced 
within and emerging from the cathode. This demonstrates an unexpected compatibility between the 
conventional IEC model of a convergent ion focus, and the AHC model of a 'divergent neutral flux.' 
Finally, we detail the construction of a pulsed power supply and present Doppler H0 spectra mea-
sured for the cylindrical discharge operating in a pulsed regime with large peak currents (0.1 - 10 A), 
peak voltages (32 ± 1 kV) and gas pressures (10- 150 mTorr in H2). We analyze the spectrum asymme-
tries to show that trajectories for fast neutrals in the beam are analogous to those from the low current, 
steady state discharge. One important difference between the regimes is that the pulsed spectra yield 
neutral energies which appear smaller than expected, but we demonstrate that this effect can be modeled 
as an accumulation of energetic, steady-state Doppler spectra over the measured time-variation of cur-
rent and voltage. Measured neutron production rates for the pulsed system in D2 confirm the existence of 
highly energetic neutrals, suggesting that between the steady-state and pulsed systems, the same physics 
ultimately holds. We thus conclude the thesis by discussing the challenges and opportunities for Doppler 
spectroscopy on pulsed IEC. 
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Chapter 1 
Introduction 
1.1 Inertial Electrostatic Confinement (IEC) Fusion 
A nuclear fusion reaction occurs when two light colliding nuclei are energetic enough to overcome 
their mutual electrostatic repulsion, producing an unstable composite nucleus which decays into smaller 
fragments and releases radiation by-products such as gamma rays and neutrons. The Farnsworth fusor 
[I] aims to produce controlled nuclear fusion reactions through confinement of charged particles in a 
deep electrostatic potential well. A series of external plasma sources or 'ion guns' inject positively 
charged ions into a region of moderate (sub mTorr) vacuum between two spherically concentric gridded 
electrodes, with the outer electrode a grounded anode and the inner electrode a negatively biased cathode. 
The idealized picture of a 'convergent ion focus' is represented graphically in Fig. !.Ia and considers 
fusion reactions between populations of monoenergetic nuclei converging towards the cathode center, 
with ions presumed to oscillate back and forth throughout the cathode and interelectrode space until a 
' 
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c~ 
(a) Farnsworth-Hirsch fusor 
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~/ c~ 
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(b) IEC in gaseous discharge mode (c) Cylindrical IEC discharge 
Figure 1.1: Schematic diagrams for three IEC schemes featuring cathodes for the inner electrodes. 
reaction occurs. Ion bombardment of the cathode is also expected to produce a low energy plasma of the 
background gas through secondary electron emission, acting as an additional fusion target for energetic 
ions. This general picture has been termed Inertial Electrostatic Confinement (IEC) fusion. 
Most IEC research has focused on the deuterium isotope due in part to its seemingly inextinguishable 
abundance; deuterium gas may be produced readily from heavy water using an electrolytic cell. Two 
deuterons may undergo nuclear fusion through the reactions, 
Dfast + Dslow -------+ He + n 
Dfast + Dslow -------+ T + P + 
( 1.1) 
(1.2) 
of which approximately half produce a neutron of energy~ 2.45 MeV and a helium nucleus, with the 
other half producing a proton and tritium. The interaction cross section an-D for D-D fusion increases 
like the square of projectile energy in the range 20- 100 keV (see Fig. 1.2), reaching a maximum of 
order 10-29 m2 for projectiles of energy around 2 MeV [2]. For any given cathode voltage, the cross 
section is thus maximized for collisions which are between two energetic or 'fast' nuclei accelerated to 
the full applied cathode potential. 
Robert Hirsch [3] conducted experiments with the Farnsworth fusor operating at cathode voltages as 
large as -150 kV, yielding neutron production rates of order 107 s-1 for a device filled with deuterium 
gas at the relatively low pressure of 0.1 mTorr. Hirsch's results show that an increase in D2 pressure 
from 0.1 - 10 mTorr is actually an impediment to neutron production in this device, with the maximum 
production rates decreasing by an order of magnitude. Given the implicit requirements for low power 
input and small vacuum systems, as well as the difficulties inherent in maintaining and aligning external 
ion sources, Hirsch introduced a simplified IEC scheme wherein the primary source of ions was now 
the gas itself, via a low energy discharge produced outside the anode [ 4]. The implementation used in 
most present-day IEC research relies on the formation of a gaseous discharge mode between the anode 
and cathode, as shown in Fig. !.lb. Here electrons may ionize molecules of the background gas 'g' 
while accelerating from the cathode to the anode, with the resulting ions accelerating back towards the 
cathode. Many IEC studies are thus carried out at units and tens ofmTorr gas pressures where increasing 
the pressure is equivalent to increasing the density both of fusion targets, and source ions. 
A gridded IEC operating in the gaseous discharge mode at units and tens of mTorr pressures is 
characterized by collimated beams of brilliant optical emission which arise due to excited particles radi-
ating spontaneously to lower energy levels. These beams ('emission channels') pass through the cathode 
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Figure 1.2: Cross section for D-D fusion versus projectile energy as given in Ref. [2) 
apertures, intersecting in the cathode center where the emission is most intense. Figure 1.3a shows emis-
sion channels emerging from a gridded cathode for a discharge of hydrogen. Here the strongest optical 
emission is centered around the Balmer Ha line (which has an unshifted wavelength A = 6563 A) corre-
sponding to the atomic transition H(n = 3-> 2) with principal quantum number n). A complexity with 
Ha spectroscopy on gridded cathodes is that analysis of any one emission channel is usually confounded 
by contributions from nearby channels. In this work the cathode grid is replaced by an open-ended 
hollow cathode cylinder as shown in schematic form in Fig. l.lc. Figure 1.3b contains an example of 
emission channels arising from a cylindrically symmetric, 'hi-conical' hollow cathode used in earlier 
studies at the School of Physics (see Sec. 1.2.1). 
IEC devices are not yet capable of power generation as initially intended by Farnsworth. Never-
theless the controlled neutron fluxes provided by lEC are of interest in commercial applications such 
as medical isotope production and as a sub-critical neutron source for fission reactors. In particular, 
there has been a concerted and successful program to implement a compact-IEC fusion discharge as an 
advanced humanitarian landmine detection system [5]. Accurate determination of neutron production 
rates, and the associated fast ion and neutral densities is thus desirable. 
Historically, the characterization of energetic particle densities in terms of operating parameters and 
electrode design involved measuring neutron production rates directly (for example, in this work through 
the scintillation-detection of nuclear fission in a Li-1 crystal placed near the IEC device). Given the 
propensity towards optical emission in the gaseous discharge mode, much of this thesis focuses either 
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Figure 1.3: Optical emission emission channels for different cathode configurations in H2. 
directly or indirectly on relating the observed emission to absolute particle densities and neutron produc-
tion rates through a non-perturbing optical diagnostic. To that end, the present study models emission 
primarily for a hydrogen discharge; the hydrogen atom is chemically equivalent to the deuteron and so 
we expect a hydrogen-filled IEC to exhib it similar emissive characteristics as for a deuteriwn fi 11ed de-
vice but without some of the radiation shielding requirements associated with large neutron fluxes. This 
may be particularly advantageous for studies of IEC devices operating in a pulsed regime with tens of 
keY peak voltages and peak currents as Large as 100 Amperes [6]. 
1.2 Conventional IEC dynamics 
1.2.1 Typical Doppler spectra 
Figure 1.4 depicts a typical HQ linesbape viewed parallel to the discharge axis through the center of 
the cathode of Fig. l.lc. The spectrum consists of a Lorentzian peak (with an intensity maximum at 
wavelength .-\0 rv 6563 A) flanked by Doppler-shifted wings. 
Studies of Ha emission in 0.1 - 4 Torr hollow cathode glow discharges [7, 8] suggest that the central 
peak is associated with the dissociative excita.ti.on of H2 by fast electrons which are thought to trave.l 
along the discharge axis from lhe cathode aperture to the anode wall. This produces excited H(n , l) 
through the reaction 
e- + H2 ~ e- +H~ ~ e- +H(l ,s) +H(n, Z), (1.3) 
w ith n and l denoting principal and orbital quantum numbers. The primary de-excitation mechanism is 
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Figure 1.4: Typical spectrum of H., viewed parallel to the discharge axis of Figure 1.3b. We label the 
central ('unshifted') peak as well as the blue-and red-shifted Doppler wings. 
spontaneous emission, wherein the kinetic energy K of an emitting neutral is related to the Doppler shift 
6 >. through 
K = mc2(6>.)2 
2.\~cos20 ' (1.4) 
where m is the particle mass, c is the speed of light and e is the angle between the particle trajectory 
and observation axis. Without applying a de-convolution procedure, the central peak typically has an 
apparent FWHM (full-width at half-maximum) in the range 0.5 - 1 A (K :0: 10 eV); here we say 
dissociative excitation produces 'slow' H. 
The far wings on the other hand generally have Doppler shifts 6.\ 2' 1 A. Investigations of H., 
emission at 10- 100 mTorr for parallel-plate RF [9] and DC [10] discharges suggest that these Gaussian-
like peaks arise through the charge exchange of fast ion species Hi (x = 1 - 3) with the background 
gas, 
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H+ + H2 _____, H'(n, l) + Ht 
Ht + H2 _____, H'(n, l) + H' + Ht 
Hj + H2 _____, H*(n, l) + H2 +Hi. 
(15) 
(1.6) 
(17) 
where each fast neutral product (denoted by '*') possesses same trajectory as the incident ion and a 
fraction 1 j x of its incident kinetic energy [II]. By measuring the linear increase of apparent ion energies 
with applied cathode voltage, Khachan eta/. [12) showed that these charge exchange processes also 
make a significant contribution to the energetic Doppler peaks observed in the emission channels of an 
IEC device. In fact, it is thought that the Doppler shifted wings are each comprised of three smaller 
peaks arising from neutrals produced in the three charge exchange processes. It follows that the Doppler 
peak positions may be used to characterize the energies and trajectories of incident ions, with a decrease 
in emission wavelength or 'blue shift' arising from ions headed towards the detector, and a 'red-shift' 
indicating ions traveling away. In terms of the conventional IEC model these Doppler shifted peaks are 
attributed to radially infalling ions, and this interpretation is supported by the relative lack of energetic 
Doppler peaks in spectra observed at right angles to the emission channels; this implies that fast ions do 
not have a significant component of motion in a direction perpendicular to the emission channels. 
It is understood that charge exchange, which is the dominant ion-gas interaction for units and tens of 
keY energies and units and tens ofmTorr pressures, will limit both the confinement time and maximum 
energy attained by accelerating ions. In Ref. [ 12] as well as other spectroscopic studies at the School of 
Physics, IEC arrangements of the form in Figs. l.lb and I.Ic lead to maximum ion energies of about 
20 - 50% of the applied cathode potential. 
1.2.2 The electron beam 
The assumption of an electron-induced central peak (see Fig. 1.4) was bolstered by magnetic deflec-
tion of the energetic beam of a similar setup in Ref. [13). Here the energies of particles at the anode 
were measured directly using a Helmholtz coil providing a magnetic field oriented perpendicular to the 
undeflected beam axis as in Fig. 1.5. 
This work tracked the displacement of the leftmost and rightmost edges of the resulting disk-like glow 
(of radius 0.5- 1 em) on a phosphorous screen and compared this to the deflection for a beam of known 
energy and particle mass. The deflected beam was identified as an electron beam with kinetic energies 
of order the applied cathode potential, which to a good approximation have an energy spread smaller 
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Figure 1.5: Energy measurement of an JEC electron beam. (Figure created by the author and reproduced 
from Ref. [13]) 
than 10% for cathode voltages in the units ofkV range. For fast electrons in the interelectrode space, we 
therefore tend to assume an electron energy distribution function (EEDF) which is monoenergetic. 
1.3 Challenging the established IEC dynamics 
1.3.1 Doppler spectroscopy and the divergent neutral flux 
The spectroscopic studies of Shrier et a/. [ 14) challenge the notion that energetic nuclei in an JEC device 
are confined at all. For the same apparatus as in Ref. [12) and with the hi-conical cathode geometry from 
Fig. 1.3b, Fig. 1.6 shows the emission channel spectra at various distances outside the cathode aperture. 
Spectra were observed for a cathode voltage of ·7 kV and pressure 15 mTorr for H2 , at an angle 0 = 30° 
to the beam axis with the detector slit facing towards the cathode. 
The spectra are dominated by energetic, blue-shifted emission suggesting neutrals in the emission 
channels are primarily directed away from the cathode apertures at all points along the beam. The 
electric field points towards the cathode and so the incident ions cannot have been produced in the nearest 
interelectrode space. The intensity and positions of the blue shifted peaks are also unaffected by changes 
to the cathode-anode separation on the opposite side of the cathode, implying that these neutrals were not 
produced in the opposite interelectrode region. These observations are supported by the behaviour of the 
red-shifted emission, for which the intensity and peak Doppler position decrease rapidly with increasing 
distance from the cathode aperture. The authors also considered the possibility that diverging neutrals 
were produced within the cathode by ions which had accelerated towards this region from outside, but 
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Figure 1.6: H~ spectra observed along the beam axis, at various distances beyond the aperture of the 
hi-conical cathode operating at -7 kV and 15 mTorr in H2. A hemispherical mesh anode is placed at 16 
em. (Figure reproduced from Ref. [14]). 
this argument was eliminated on the grounds that incident energies for charge-exchanging ions appear 
to increase away from the cathode center (see the data of Fig. 1.7, measured using a similar electrode 
arrangement in Ref. [15]). 
It is worth noting the striking similarity between these observations and those of Adamov eta/. [16), 
who recorded energetic Doppler shifts normal to the interior wall of a I ~ 2 Torr hollow cathode. It was 
determined that these neutrals arose primarily through the neutralization and fragmentation of incident H 
ions accelerating towards the wall, but also that this 'backscattering' of ions does not contribute signif-
icantly to emission observed parallel to the wall surface (parallel to the cylindrical axis of the cathode). 
It is thus suspected that the 'divergent' ion/neutral motion inferred in the IEC experiments of Refs. [14) 
and [ 15) must arise through some different mechanism. 
Rather, Ref. [15)linked the optically-determined ion energies of Fig. 1.7 with Langmuir probe 
measurements of a positive space charge or parabolic-like 'virtual anode' within the center of a gridded 
spherical cathode similar to that seen in Fig. 1.3a. These measurements are reproduced in Fig. 1.8. The 
conclusion from this series (Refs. [12, 14, 15]) of spectroscopic studies was that most ions of a units and 
tens of mTorr IEC discharge are created predominantly within the cathode, and accelerate away from a 
region of positive space charge within the cathode center. In fact, the implication here of large diverging 
neutral mass fluxes has been cited in possible space-thruster applications [17]. 
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This is consistent with the analysis of motion of micron-sized impurity or 'dust' particles falling 
vertically through a similar electrode arrangement (18], as well as collimated proton detection [19] sug-
gesting that the fusion process ( 1.2) occurs due to neutrals interacting with the background gas at all 
points along the energetic beams. Moreover, evidence of the virtual anode has been observed using 
laser-induced fluorescence (LIF) of a gridded IEC discharge operating in a discharge of helium [20]. 
1.3.2 The 'Abnormal Hollow Cathode' (AHC) model for the IEC discharge 
The existence of a virtual anode and predominantly 'divergent' ion and neutral fluxes are fundamental 
assumptions for what we have termed the Abnormal Hollow Cathode (AHC) model of the IEC discharge 
(21]. In the steady-state AHC model the discharge is sustained by ionization of the background gas by 
electrons, 
e- + H2 ---> e- + Hj + e;ec, (1.8) 
which originate at the cathode interior walls due to secondary electron emission arising from ion and 
neutral bombardment of the surface. Ions are assumed to accelerate away from the central positive space 
charge region, undergoing charge exchange and producing fast excited H in the vicinity of the cathode 
aperture where electric potential is a minimum and ion energies are at a maximum. The assumed axial 
potential profile is shown in Fig. 1.9 and resembles a double-parabolic well. The inferred energies of 
incident ions using Doppler spectroscopy are taken to be indicative of the maximum potential height of 
the virtual anode, of order 50% of the applied cathode potential. 
In justifYing our terminology, we note that the cathode geometry is reminiscent of hollow cathode 
spectral lamps, and that the voltage-current relation typically resembles the 'abnormal glow' between 
plane parallel electrodes. Here voltage increases with the logarithm of cathode current, which exceeds the 
product of cathode surface area and normal glow current density. This is consistent with the observation 
that it is the intensity of the emission channels (as opposed to their radii) which undergoes the most 
marked increase over the range of steady state currents (1 -50 rnA in our work). The distinct lack of ion 
confinement in the AHC model seems at odds with the IEC moniker and so in areas of this Thesis where 
the AHC model is assumed, we will typically refer to the discharge as an AHC discharge ('AHCD'). 
A difficulty with the model is that unlike the traditional hollow cathode effect, the AHCD operates 
at pressures at least an order of magnitude lower and so the mean free path for ionization of the gas by 
tens of keY electrons is generally larger than the length scale of the cathode (units of em). As such the 
cathode interior is no longer a region of intrinsically efficient ionization, particularly as any ionization 
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Figure 1.9: Assumed electrostatic potential field along the beam axis for the AHC model of the discharge. 
event outside the cathode will produce a slow 'secondary' electron (e;;,, in process (1.8)) which itself 
may lead to further ionization outside the cathode. The mean free path for charge exchanging ions (of 
order the cathode length for energies ~ 15 keY) is also problematic in that the minimum potential of 
Fig. 1.9 comprises a comparatively smaller region and so the majority of diverging ions will not undergo 
charge exchange before decelerating. Finally, it is somewhat paradoxical that the virtual anode is itself 
thought to arise due to ion bombardment of the cathode wall as this implies a crucial role for in-falling 
ions also. Indeed, one of the aims in developing an optical diagnostic for fast ion densities was to assist 
in the numerical modeling of the (possibly complex) interplay between 'converging' and 'diverging' ion 
species. 
1.4 Established models for Hr, emission, particle densities and potential 
profiles in an IEC device 
1.4.1 Collisional-Radiative (CR) modeling in IEC and other hydrogen discharges 
ln conjunction with emission spectroscopy, collisional-radiative (CR) modeling is a useful tool in the 
development and application of non-perturbing plasma diagnostics which allow characterization of im-
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portant discharge parameters such as average energies and relative densities for electron, ion and neutral 
species. CR modeling usually involves the solution of coupled equations governing the population of 
energy levels dominated by collisional and radiative transitions. The time-dependent equations have the 
form [22], 
dn;(t) = L(A;,jni + Bj,inj + C;,jninj), 
dt #i 
(1.9) 
where n; is the population density of a particular energy level i at time t, and usually refers to either 
the ground or excited states of an atomic or molecular species with electron and ion populations often 
included as separate levels in the equation system. The Einstein coefficients A;,j and Bj,i have units of 
s-1 and describe the change in population of an energy-level due to radiative decay from levels i to j 
and absorption from j to i respectively. Coefficient C has units of m3s-1 and includes processes such 
as electron-atom and atom-atom interactions. For a steady-state plasma, the energy level populations 
are constant and so calculations may be simplified by setting the time-dependent left hand side (LHS) 
of Eq. ( 1.9) to zero. Such an equation system relates a population density n; to the emission intensity 
per unit volume, l;,j ex v;A;,jn;, where the transition i ~ j leads to radiation of frequency v;,j (if 
the transition is optically allowed). This yields the prediction of either densities or emission intensities, 
given measurements of intensities or densities respectively. 
In Ref. [13] the present author constructed a steady-state CR model for the H., central peak in the 
emission channels of a hydrogen-filled lEC device at units and tens of mTorr pressures and assuming 
an EEDF which is monoenergetic for cathode voltages in the units of ke V energy range. The goal of 
this work was to calculate the energy dependence of H., and HtJ central peak intensity ratios towards 
the development of a diagnostic for electron energies (or equivalently, electric potential) along the beam. 
Prospects for a diagnostic based solely on the peak ratios are limited however, as the theoretical variation 
of peak ratios over the units of ke V range is small enough (,:;: 20%) so as to be indistinguishable from 
experimental noise. 
A more enduring outcome of Ref. (13] was experimental support for the assumption of an electron-
induced central peak. Specifically, H, emission with 6).. < 0.3 A was reasoned to arise primarily 
through dissociative excitation of molecular H2 by fast electrons, 
e- + H2 ~ e- + H2 ~ e- + H(ls) + H(n = 3), (1.10) 
in accordance with the aforementioned studies of higher pressure hydrogen discharges [7, 8, 9, 10, 16]. 
Figure 1.10 compares theoretical and measured variations of H., and Hfl intensities versus electron en-
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Figure 1.11: Relative densities for the ionic H species for a IEC discharge of cathode voltage -6 kV and 
different pressures of Hz (Figure from Ref. [23].) 
ergy where the measured values (solid data points) assume a vacuum solution of the electric potential 
along the electron beam, and theoretical curves (which have both been scaled by the same factor) assume 
excitation of the H(n = 3) level by process (1.10) only. In general the agreement is quite good, with 
discrepancies smaller than 50% except for electron energies less than 1 - 2 keY. For these lower ener-
gies the discrepancy was explained in terms of the experimental EEDF becoming smeared (no longer 
monoenergetic) in the region near the cathode apertures where the low energy results were obtained. 
The charge exchange process has also been the subject of a CR model for Doppler shifted Ha in a 
hydrogen-filled IEC. Fitzgerald eta/. [23] related the intensities of Doppler peaks arising from fast H+, 
Ht and Ht to their relative population densities (pictured in Fig. 1.11). From Fig. 1.11 we generally 
take that fast Ht and Ht dominate the population of energetic ions and have roughly equal number 
densities for units and tens of mTorr pressures. 
It is worth noting that prior to the work in this thesis, nowhere had a CR model treated the ratio of 
shifted-to-unshifted emission in a single spectrum of Ha in terms of the absolute densities of particles re-
sponsible for the distinct emission processes. Here we relate the CR models for central and Doppler peak 
emission in order to develop an optical method for measuring absolute densities of energetic hydrogen 
ion species emerging from the cathode. 
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Figure 1.12: Charge-exchange modeling of mean Hj energies versus distance from an anode in a linearly 
decreasing potential. The cathode is placed at a distance 10 em and is subject to different voltages. 
(Figure from Ref. [24].) 
1.4.2 Charge-exchange modeling ofthe energetic Doppler spectrum 
Shrier eta/. [24] used a computationally efficient and noise-free matrix representation of the charge 
exchange process (1.6) as an alternative to a Monte Carlo approach. The method is semi-analytic in that 
experimental and energy-dependent charge exchange cross sections are used to calculate the probability 
of ion charge exchange for a source distribution of arbitrary number density as a function of their starting 
position in a given one dimensional potential field profile. This was used to calculate the average energies 
ofHj accelerating down a linear potential in a 20 mTorr background gas ofH2 . The average energies of 
Hj versus distance from a structureless anode are shown in Fig. 1.12, given different cathode voltages 
at the rightmost edge of the system. Results showed good agreement with Doppler shift measurements 
for ions emerging from the cathode of an AHC discharge under similar conditions, and were taken as 
further evidence of a divergent ion/neutral flux. 
In this Thesis we expand the earlier charge-exchange modeling to include electrons as well, linking 
a matrix representation of the ionization and total charge exchange processes with optically-determined 
fast ion densities and the Poisson equation, 
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V 2 V(z) = -p/<o, (1.11) 
where potential V and total charge density pare calculated along the cylindrical beam axis a distance z 
from the cathode center. As such, this method yields the self-consistent simulation of absolute ion and 
electron densities, average particle energies, axial potential field, absolute mass fluxes, neutron produc-
tion rates and Doppler emission spectra. 
L4-3 Analytic and Particle-in-Cell (PIC) modeling of the IEC discharge 
Most analytic modeling of the IEC discharge has focused on the shape of the potential profile. This is 
typically achieved by solving Eq. (1.11) in the given form assuming spherical symmetry and collisionless 
injection of radially moving, monoenergetic charged particle species. See for example the steady-state 
solutions of Refs. [3] and [25]. Later papers extend this analysis to highlight the importance of finite an-
gular momenta to the stability and shape of calculated potential profiles for the cases of electron-injection 
only [26], and injection of both ions and electrons [27]. We note that these treatments generally ignore 
ion, atomic and electron interactions with the background gas, but are nevertheless able to demonstrate 
the existence of virtual anodes or adjacent virtual anodes and cathodes. 
Other analytic treatments [28, 29] critique the power balance between fusion output and input power 
required to maintain monoenergetic populations of injected charged particles. These papers include gas 
collisions in the analysis of thermalization of initially monoenergetic particle energy distributions, and 
discount the possibility for IEC-based power generation due to an array of possible energy losses over 
ion-ion collision timescales (such as Bremmstrahlung radiation and collisions with the cathode grid). It 
is striking that these detailed treatments still neglect the role of ion charge exchange, which is likely to 
remain the foremost impediment to ion confinement in the majority of practical IEC devices, even those 
operating in an ion injection mode at sub-mTorr pressures. 
In fact, aside from the charge exchange modeling of Shrier et a/. [24], only Baxter and Stuart 
[30] present a fully analytic treatment of ion charge exchange as it pertains specifically to IEC. This 
work portrays accurately the charge exchange of ions accelerating through ion guns, highlighting the 
importance of the (neutral) beam-gas contribution to measured fusion rates in ion-injected IEC devices. 
However here the effects of space charge are ignored and so the calculations do not incorporate the 
effect of charge exchange on the accelerating fields either within the ion guns, or the IEC chamber 
itself. The work of Sigeneger and Winkler [31] coupled an analytic solution of the Poisson equation 
with the electron-Boltzmann equation for a high pressure (units of Torr) hollow cathode arrangement in 
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helium, however this work did not explictly include ion charge-exchange or model emission from excited 
energetic atoms. 
The most widely employed method for modeling plasmas with the inclusion of atomic processes is 
called particle-in-cell (PIC) simulation (see, for example, Birdsall's extensive review [32]). PIC mod-
eling supposes that a plasma may be modeled by a number of particles (electrons, ions and neutrals) 
which is many orders of magnitude smaller than in a real plasma. Each 'superparticle' of this smaller 
ensemble represents the total charge and mass for as many as 106 real particles. The aim is to solve a 
finite-element form of Eq. (I .II) through an iterative-process where each iteration represents a given 
simulation time step (typically of order ns or smaller). By weighting superparticle charges to a spatial 
grid of sufficient resolution, one can interpolate electric fields and thus the forces acting on superparti-
cles at each grid position. Moreover, in any given timestep, each superparticle has a velocity-dependent 
probability for undergoing any number of collisions including ionization, excitation, charge exchange or 
surface interaction. Superparticles will undergo or avoid such interactions through the assignment of a 
random number (the 'Monte Carlo' process). 
Clearly PIC models have the advantage of being able to incorporate almost every conceivable atomic 
interaction which may affect collective behaviour of a plasma. The method can be applied to complicated 
3-D geometries which is also advantageous. Where the method typically falters is in accurately repro-
ducing microscopic dynamics of a plasma, particularly small scale electron interactions like Coulomb 
scattering. Moreover the calculated potential fields and energy distributions can feature noise or irreg-
ularities arising from the reduced collision statistics inherent in a superparticle representation. Special 
care must also be taken so as not to waste computational power on relatively slow moving particles (such 
as ions) over the small timesteps required to simulate the motion of fast electrons. 
PIC methods do exist for spherically symmetric IEC systems operating in the gaseous discharge mode 
(see for example the modeling of Noborio eta/. [33] which is in accordance with neutron production 
measurements), however up until recently no PIC models have simulated the energetic Doppler emission. 
As with the work of Masuda eta/. [34] we opted to explore a different and novel approach and so make 
no further comment on traditional PIC methods here. For a more detailed assessment of PIC modeling of 
the IEC discharge we point the reader towards the PhD thesis of fellow student Michael Fitzgerald [35]. 
1.5 Aims of this work and structure of the Thesis 
This Thesis focuses on the development, validation and limitations for an optical diagnostic for fast H 
ion species in a steady-state IEC device operating in a gaseous discharge of hydrogen. It is anticipated 
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that our diagnostic for the hydrogen-filled IEC will provide a useful means for predicting the effects of 
different electrode geometries or plasma parameters on fusion rates for similar discharges in deuterium. 
Our optical diagnostic implicitly calibrates a spectrometer by relating earlier CR models for central 
and Doppler-shifted Ha emission to the relative densities of fast and slow excited H in the energetic 
beam. These are subsequently related to absolute densities of fast electrons and ions through known rate 
coefficients for excitation and charge exchange respectively. In the interests of validating the underlying 
AHC model, the optically determined ion densities are also used as inputs for the simulation of elec-
trostatic potentials, Doppler spectra and average particle energies and densities along the beam axis for 
the steady-state discharge in H2. This semi-analytic, intuitive solution method couples a matrix repre-
sentation of Ht production by electron ionization to that of ion charge exchange with the background 
gas. 
The experimental electrode geometries and apparatus required for optical spectroscopy as well as 
pulsed and steady-state plasma generation are discussed in Chapter 2, whereas Chapter 3 delves into the 
detailed theory of our semi-analytic plasma simulation and optical diagnostic. Chapter 4 then describes 
application of our optical diagnostic to low-current (steady state) and high current (pulsed) discharges of 
hydrogen and compares predicted and experimental fusion rates for equivalent discharges of deuterium. 
In each case we also use optically-determined (in some cases, extrapolated) fast ion densities to compare 
experimental spectra with simulated Doppler lineshapes and potential fields. The aim here being to 
determine whether the same physics holds for the pulsed and steady-state gaseous discharge IEC modes. 
Finally, we conclude the Thesis in Chapter 5 by summarizing our findings and discussing the chal-
lenges and opportunities for Doppler spectroscopy on pulsed IE C. 
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Chapter 2 
Experimental Apparatus 
Here we discuss the various apparatus employed over the course of the experimental work. This involved 
operating a gaseous IEC discharge in three different modes. Chronologically, the different modes studied 
were a low energy discharge operating at both low voltage and current (1-10 kV at 1-50 rnA DC, which 
we artificially term the 'low voltage' mode), a discharge operating at similar currents but at voltages 
which were larger and more relevant to neutron production (20- 30 kV DC or 'CW' mode) and finally a 
'pulsed' mode operating at those saroe peak voltages and with relatively large peak currents (1 - 10 A). 
For each type of discharge we conducted experiments involving optical spectroscopy in H2 and neu-
tron detection in D2, but between the three discharge types there exist some marked differences in elec-
trode arrangements, spectroscopy setups, and plasma generation apparatus (in particular, construction of 
the pulsed power supply). Where applicable, we describe these variations between apparatus grouped 
according to function. 
2.1 Electrodes and vacuum chamber layout 
The one constant for all electrode arrangements was the anode charober, a vertically-oriented stainless-
steel cylindrical vessel of inner radius 24 em which has a stainless steel floor and is open at the top. For 
the low voltage mode, a glass bell jar was positioned atop the vacuum chamber, with the cylindrical axis 
of the inner electrode arrangement raised up above the maximuro height of the stainless steel charober. 
This allowed direct viewing of the energetic discharge through the glass wall and is shown in the side-on 
schematic of Fig. 2.1. 
The top-down schematic of Fig. 2.2 depicts the electrode arrangement used for studies of the low 
voltage discharge. The cathode is a segmented stainless steel cylinder of axial length 4.1 em and major 
radius 1 em, and the emission channel of interest travels normal to the cylindrical axis of the chamber, 
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JAR ~ 
ELECTRODES 
-- ... - - -- OBS. AXIS 
VACUUM 
CHAMBER 
HV FEED 
Figure 2. 1: Side-on schematic of the stainless steel vacuum chamber as it relates to the glass bell jar and 
discharge observation axis for the low voltage mode. The arrangement of hemispherical and cylindrical 
electrodes inside the glass bell jar is explained in the text. 
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Figure 2.2: Top-down schematic diagram of the electrode arrangement used for the low voltage dis-
charge. The detector is situated outside the vacuum chamber. 
passing through an anode ring of diameter 3 em and cylindrical length r-.J 1 em, which stands upon a 
horizontally-oriented anode plate. The axial separation between edges of the cathode and anode ring is 6 
em, and the entire arrangement can rotate 360° about the vertica11y-oriented, glass-insulated high voJtage 
('H V') feed wh.ich is r-.J 60 em long and connects to the bottom of the cathode. 
We extended the discharge to the opposite side by p lacing an anode mesh (diameter 16 em) a distance 
4 em from the cathode. The anode mesh was used so as to maintain a similar electrode geometry to Refs. 
[14, 23] . In contrast, for the emission channel of interest we used an anode ring in hopes of maximizing 
collimation of the beam in the region where spectroscopy was being performed. A visual inspection 
suggested that the discharge was in fact largely unaffected by the presence (or absence) of the anodes 
which is likely because the vacuum chamber itself was grounded and always presents a large anode 
surface area to the cathode. 
The CW and pulsed modes both used the same electrode arrangement, for which a top-down schematic 
is shown in Fig. 2.3. The cathode here is sirniJar to the low power case, being a horizontally-oriented, 
open-ended and stainless steel cylinder of length 4 em , radius 1 em and steel thickness 3 mm. This was 
oriented such that the axis of the rugbly collimated em ission channels (labelled ' beam axis ' in the fi g ure) 
would not impinge on the vacuum port or the spare HV feed, the latter of which was not used in the 
present work. 
For these modes the emphasis was on minimizing exposure of the high-voltage connectors to the 
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Figure 2.3: Top-down schematic of the electrode arrangement and other apparatus components used in 
the CW and pulsed fusion modes used in this study. See text for explanation. 
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plasma thereby minimizing arcing. Figure 2.4 shows the cathodes side-by-side with the most important 
difference between the two being their high voltage connection. For the earlier cathode the high voltage 
connection was covered with ceramic beads, however this still presented gaps in insulation which for the 
later cathode were minimized using a solid ceramic sleeve covering the entirety of the HV feedthrough. 
To this end the later cathode sat only I 0 em from the floor of the chamber and about 30 em beneath a 
removable stainless steel x-ray shield replacing the glass bell jar. It was important here to encase all sides 
of the vacuum chamber in steel, as cathode voltages of order 30 kV would have been large enough to 
produce x-rays able to penetrate the thickness of glass used for the bell jar. 
We note also that the lack of segmentation in the later cathode allows for easier fabrication and 
appears to have little impact upon beam collimation or lineshape. 
2.2 Power supplies and environmental sensors 
2.2.1 Steady state modes 
For the low voltage and CW modes, a Spellman power supply provided a cathode voltage 1 - 30 kV at 
1 - 50 rnA (DC) current. Voltage, current and gas pressure were all measured directly - voltage using a 
HV probe across the electrodes, current using a gauge on the power supply and absolute pressure using 
a Pirani gauge accurate to 10-4 Torr. Current and voltage were typically observed to vary only 5 - 10% 
over 10 - 60 minute intervals, and so the discharge was considered effectively steady-state with respect 
to the 30 s timescales of our spectroscopic measurements. Fig. 2.5 shows a photograph labeling the 
physical placement of the power supply, vacuum chamber and enviromnental sensors in our lab. 
2.2.2 Pulsed mode 
For the pulsed mode we constructed a pulsed power supply consisting of a 0.08 JLF capacitor charged to 
30- 35 kV by a DC power supply drawing units of rnA currents through a 4 M!1 charging resistor. The 
negative terminal of the charged capacitor was fed into a 1 - 2 em spark gap filled with compressed air 
at a gauge pressure of~ 14 PSI (about 720 Torr) to prevent spontaneous breakdown across the gap, with 
the opposite terminal of the spark gap connected to the cathode through a ceramic-insulated high voltage 
feed. The spark gap was triggered at 2 second intervals using the +20 kV pulse from a low-current spark 
generator, initiated via an amplified TTL ('transistor to transistor logic') pulse from the spectrometer 
setup at the beginning of each scan. The overall arrangement is pictured in schematic form in Fig. 2.6. 
In the following subsections, we cover some of the more viscerally interesting aspects of the pulsed 
setup in more detail. 
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Figure 2.4: Photograph showing the two cathodes (left for the low voltage mode, right for the CW and 
pulsed modes) and the respective ceramjc insulators for their connection to the high-voltage feed. See 
text for explanation. 
24 
X-RAY SHIELD 
Figure 2.5: Photograph showing the external apparatus used for the CW mode. 
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Figure 2.6: Schematic for exterior apparatus in the pulsed mode, featuring a high voltage pulsed power 
supply triggered by a spectroscopy setup. See text for details. 
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Figure 2.7: Circuit diagram for the pulsed charging circuit. See text for details. 
Pulsed Charging circuit 
The charging circuit of Fig. 2.6 was originally constructed as part of the power supply for a decades-old 
pulsed laser system. It had since been discarded, quite literally in fact - the entire arrangement was found 
in a School of Physics dumpster - but in this work was restored and refitted by the author to suit the 
requirements for pulsed IEC. The circuit is represented diagrammatically in Fig. 2.7. 
The input charging voltage Vc ~ -30 kV is from the same Spellman DC supply used for the steady-
state experiments. This provides a peak charging current Ic = Vel Rc of order 5 rnA, where Rc = 4 Mn 
is a charging resistor. The charging time of the capacitor is of order Tc = 5RcC or about 0.5 seconds. 
One could speed up the resulting pulse frequency (of order 2 Hz), however for this work the chosen 
value of Rc was also the smallest available charging resistance with breakdown voltage larger than 30 
kV. The first arm of the circuit connects the negative high voltage input to a capacitor with capacitance 
C = 0.08 MF which can withstand a maximum voltage of 45 kV. The other plate of the capacitor becomes 
positively charged ensuring it cannot discharge back through the input source. The second arm of the 
circuit features a spark gap and the vacuum chamber in series. The spark gap is able to conduct upon 
application of a + 20 kV input trigger pulse placed units of mm from the output electrode, which itself 
is produced using a commercial trigger device responding to an external TTL pulse amplified from + 1 
to+ 12 V. This trigger creates a localized arc which ionizes the gas in the spark chamber and allows the 
capacitor to discharge through the vacuum chamber in the form of a beamed IEC plasma. 
Fig. 2.7 also contains an open circuit between the terminals of the capacitor. This is actually a safety 
circuit held open by an electromagnetic switch. In the event of malfunction elsewhere, removing power 
to the electromagnet closes the switch allowing rapid and safe discharge of the capacitor. In practice, 
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the capacitor, spark gap and electromagnet switch were all held within a perspex frame where most 
connections used high-voltage (up to 20 kV) leads placed in rubber tubing and spaced several em apart. 
One may glean an impression of the pulsed power supply in situ from the labeled photograph in Fig. 2.8. 
One final safety measure involves placing isolating capacitors of small capacitance (of order 0.1 pF) 
and large breakdown voltage (about 30 kV) on the trigger outputs, which are not shown in the figure. 
This minimizes the amount of charge that can inadvertently flow from the charging capacitor C back 
through the sensitive circuitry of the trigger. 
Appearance of, and typical current-voltage traces for the pulsed IEC plasma 
A typical pulsed IEC discharge (peak voltage -30 kV and current 2 A, pressure 50 mTorr in hydrogen) 
is shown in Fig. 2.9 at the peak of its intensity. This is essentially just the photographic equivalent of 
the schematic in Fig. 2.3, looking down through the glass bell jar without an x-ray shield. The pulsed 
discharge is marked by beam-like emission channels emerging from the cathode apertures, just like those 
observed for the steady state regime. This in itself is highly indicative that similar physics is taking place, 
however characterization of even the most fundamental plasma parameters (such as cathode voltage and 
current) now takes on an additional level of complexity as these quantities vary with time. 
For pulsed experiments the time-varying cathode voltage was measured using a high frequency probe, 
with a typical oscilloscope trace shown in Fig. 2.10. This resembles a second order exponential decay 
with time constants Tpeak = 20 - 30 1-'S for the 'peak' part of the pulse and Tt<ail = 1 - 2 ms for the 
low voltage trail-off. We define the peak voltage Vpeak as the depth of the peak below the offset of the 
pre-trigger signal (of order -1 kV in Fig. 2.10), with the error in voltage no more than about 10%. Peak 
current was measured through the cathode input lead using a fast-response magnetic field coil coupled 
with an RC integrator circuit constructed by the author. The voltage across the capacitor is shown by the 
dashed curve of Fig. 2.10 - we calibrated the integrator signal using the known peak currents through a 
dummy load of 2 kfl. The conversion from peak integrator signal to peak cathode current is 3. 7 ± 0.3 
AN. We note that the current trace in the figure is due to the integrator response and does not resemble 
the actual decay of cathode current which, as viewed using a Fluke probe for higher currents (10 - 20 
A) through the dummy load, exhibits similar time constants as for cathode voltage. 
We may write that the beamed plasma has some resistance Rp; for the peak voltages and currents in 
this work we infer a plasma resistance of order 10 kfl during the peak part of the IEC pulse. On occasion 
however, a beamed IEC plasma would not form and an arc discharge was observed instead. The author 
suspects this was due to sputtering of cathode material onto the ceramic insulators near the chamber 
floor, in effect reducing the electrode spacing and producing peak currents at least an order of magnitude 
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Figure 2.8: Photograph labeling various elcmeots of the pulsed power supply as it appears in the lab. 
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Figure 2.9: Photograph of a pulsed IEC plasma in hydrogen at the peak of its emission intensity. 
......... 
> 
:X 
-Q) 
0> 
s 
-0 
> 
Q) 
"0 
0 
..c: 
-ro (.) 
0 1.0 
-5 
-10 
0.5 
•• 
.. . 
.. · ... ' 
. ... 
• ... 
-15 ·-~. .. • • .
• • •• 
.. 
• . ' .. ~ -
• . . 
... 
• 
- ............. 
. ~ "'-······· - -... 
-20 ....... , • . •· . • ! 
• 
0.0 
-25 
-30 
L 
_ ____JL__ _ __.__ _ __L __ -'----:-::-::--~-~~~---J.-~ -0.5 
-35 0.0020 0.0000 0.0005 0.0010 
t (s) 
0.0015 
-> 
-Q) 
0> 
ro 
.... 
-0 
> 
~ 
0 
.... 
ro 
~ 
0> 
<D 
.... 
c 
-
Figure 2. 10: Sample oscilJoscope traces for cathode voltage (solid curve, left axis) and signal across a 
currenl integrator (dashed curve, right axis). Sec text for details. 
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larger than for the beamed plasma mode. This may imply some maximum electric field strength for 
which beamed mode operation is possible, above which an arc mode dominates. 
2.3 Spectroscopy in hydrogen gas 
2.3.1 Lens, mirror and fibre-optic arrangements 
Optical spectroscopy on the low voltage discharge was performed using an observation axis passing 
through the anode ring as per Fig. 2.2. A horizontal-periscope arrangement directed light from any point 
along the observation axis (exiting the glass bell jar) onto the detector slit of a monochromator. These 
spectra were recorded at an angle {} = 25° to the emission channel at the anode, so as to provide a clear 
line-of-sight through the anode. In general the angle may be chosen arbitrarily, however by Eq. (1.4) a 
more acute angle ensures a clearer separation between unshifted and Doppler-shifted peaks. Uncertainty 
in the lens focal lengths introduced an error ~ 1 em in the sampling position along the beam. 
For the CW mode, optical spectroscopy in hydrogen was performed by sampling light at an angle 
{} ~ 30° to the region where the beam struck the chamber wall, with the observation axis represented by 
the dashed line in Fig. 2.3. These measurements made use of a back-coated mirror which was affixed 
to the interior (vacuum) side of a quartz optical port so that light from the wall region was channeled by 
the mirror down through the port. This arrangement is shown in side-on schematic form in Fig. 2.11. 
The plane of the mirror was rotatable with its normal vector moving through a hemispherical range of 
azimuthal and inclination angles. The mirror is aligned by first running the IEC discharge at nominal 
parameters (25 kV and 30 rnA at a pressure 5 mTorr in hydrogen) and creating scorch marks of diameter 
~ lcm through sheets of aluminium affixed to the anode wall. A photograph of one of these scorch 
marks is shown in Fig. 2.12, with the position of the sheet relative to the cathode and mirror shown in 
the top-down photograph of Fig. 2.13. From Fig. 2.9 we actually observe a 'fanning out' or spreading of 
the visible beam beyond the cathode aperture, at an angle about 15 - 20° to the beam axis. As a result, 
we expect the radius of the bum pattern in Fig. 2.12 to represent an order of magnitude estimate of the 
beam radius corresponding to the most highly energetic and undeflected neutral particles. 
Subsequent to the mirror alignment procedure, light exiting the optical port was focused by a lens of 
focal length ~ 5 em onto an optical fibre of effective width 1.25 mm. The total distance of the imaged 
region to the centre of the converging lens was about 47 em (see Fig. 2.1 1). Light exiting the fibre 
was channeled onto the slit of a 0.5 m focal length Spex 500M monochromator coupled to a Princeton 
Applied Research 1421 G linear diode array (LDA) which was cooled to 0° C by a Peltier cooler in order 
to rednce thermal noise. The resolution of the detection setup was ~ 0.56 A, determined by shining a 
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Figure 2.11: Side-on schematic of the mirror, lens and fibre optic arrangement used to sample light from 
the beam. 
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Figure 2. 12: Photograph of a scorch mark of rv 1 em diameter burned into an AJ sheet fixed to the anode 
wall, fo lJowing exposure to the energetic neutral beam. 
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Figure 2.13: Photograph showing a top-down view of the vacuum chamber interior wilh the upper x-ray 
shield removed. The cylindrical cathode is at the center, with a vacuum port on the left, a rnirror to the 
right and AI sheets affixed to the chamber walls at the top and bottom of the image. 
cadmium lamp at the wall and observing FWHMs for the three strongest atomic emission lines in the 
wavelength range 6300- 6500 A. We calculated a wavelength separation 0.16±0.01 A between adjacent 
pixels of the output as viewed on an Optical Multichannel Analyzer (OMA). Optimal balance between 
signal strength and resolution was obtained for a monochromator sHt width 250 J-tiD. The uncertainty 
associated with a given peak intensity is of order 10%, 1neasured by detenni,ning the standard deviation 
for a series of emission peak intensities for identical plasma parameters. 
Optical spectroscopy for the pulsed mode in hydrogen used this same apparatus, but sampled light 
from two regions of the chamber. The first was at an angle ()' rv 31° to the beam where it snuck the 
chamber walJ as in Fig. 2.3. The second bad the cathode rotated about the verticaJ axis so that the mirror 
sampled light at an angle e rv 40° to the beam where it exited the nearest aperture. We note that from 
the geometry of the figure, sampling light near the wall is equivalent to having the monochromator slit 
face away from the cathode, whereas sampling light frmn the nearest aperture is akin to having the sl it 
face towards the cathode. Each pulsed spectrun1 was the accumulation of 10 x 100 ms exposures; the 
implications of having exposure times larger than the pulse length are discussed in Chapter 4. 
In Fig. 2.6 for the pulsed mode we note that the pulsed power supply is in fact triggered by the OMA 
which outputs a TTL (Transistor to Transistor Logic) pulse coinciding with the start of each spectrometer 
34 
scan. This is directed into a pulse generator, used to amplify the TTL pulse from 1 to 12 V for subsequent 
input into the spark trigger. As the spectrometer is thus electrically coupled to the trigger device and the 
spark gap. we take special care to ensure electrical isolation of the OMA/SPEXILDA arrangement from 
unintended current pulses. We achieved this by employing an optical fibre link between the OMA and 
pulse generator, in conjunction with an Analog-to-Digital Converter (ADC) and a Digital-to-Analog 
Converter (DAC) as shown in the figure. 
2.4 Detection of neutron production rates in deuterium gas 
For measurement of neutron production rates in both CW and pulsed fusion modes, the detector setup 
consisted of a Li-I crystal, highly enriched with 6Li and housed within the center of a high density 
polyethylene sphere (shown by the shaded circle in Fig. 2.3). The 2.45 MeV neutrons produced in 
process l.l were slowed by the polyethylene sphere leading to the nuclear reaction 
6Li + n ___, et + T (2.1) 
where product He nuclei scintillated the crystal producing a pulse of current on a photomultiplier. Output 
was read on a multichannel analyzer (MCA) allowing selection of the peak corresponding to 5 MeV et 
particles produced through process (2.1). The Li-1 detector, MCA and amplifier for the photomultiplier 
signal are shown in Fig. 2.14. 
In CW mode, neutron detection events were recorded for 1 - 2 minutes for each separate instance of 
pressure, current and voltage; pulsed mode measurements used a similar procedure except that the goal 
was to determine the average neutron counts per pulse, measured over 90 - 270 pulses depending on the 
pressure. In each case, the error was taken to be the statistical error (square root ofthe number of counts). 
The arbitrary detection rates were then transformed into absolute neutron production rates by comparing 
measured counts to those observed at distances 20 - 100 em from an Am-Be source of known activity 
(~ 106 s-1). In our calculations we assumed an average separation of38 ± 4 em between the detector 
and the beam source (cf Fig. 2.3), a distance for which the Am-Be source yielded llOO ± 200 counts in 
two minutes. 
We note that as the mean free path for D-D fusion is very large (in the order 1012 m for 15 keY 
deuterons in a 5 mTorr deuterium gas), the density of energetic nuclei would have been largely constant 
along the beam axis, with neutrons produced at all points along the beam. As such we also expect some 
systematic error (15- 20%) in absolute counts due to the variation of detector distance from the extended 
source, but this is anticipated to be less significant than the statistical error. 
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Figure 2.14: Photograph showing the arrangement of the Li-I detector, MCA and photomultiplier ampli-
fier with respect to the vacuum chamber exterior. 
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2.5 Magnetic deftection of the electron beam 
Finally, we describe a supplementary investigation which, initially, aimed to determine the contribution 
of electrons towards the Ha central peak emission. Here we used a 0.5 T magnet to deflect the electron 
beam, allowing a comparison of distinct impact patterns on sheets of stainless steel placed at the anode 
wall, and the Ha spectra observed at the anode wall in the deflected/non-deflected cases. The magnet 
was cylindrical with radius Tmag = 4.5 em and length 6 em, with field strength B = 0.5 Tat each of 
its circular faces. The magnet was placed about 5 em beneath the vacuum vessel (north pole pointing 
upwards) with its cylindrical axis parallel to that of the chamber. The horizontal position of the magnet 
is shown by the dashed circle in Fig. 2.3. 
The maximum magnetic field strength in the horizontal plane of the beam was measured to be 10 mT 
using a digital fluxmeter (magnetic field probe), however the field was not uniform across this space and 
remained as large as 3 mT in the vicinity of the nearest cathode edge and 6 mT next to the anode itself. 
In contrast, the beam on the opposite side experiences a negligible field strength except at the cathode 
edge itself(~ 2 mT) and so we treat the electron beam on this side as being undeflected. 
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Chapter 3 
Theory 
3.1 Theory: spectroscopic determination of densities of fast ions emerg-
ing from the cathode 
The earlier CR models for charge exchange and dissociative excitation are described here in detail. We 
combine these models for the first time, relating central and Doppler-shifted Ha emission a distance 
several centimetres away from the cathode edge, proposing an optical measurement for densities of fast 
ions emerging from the cathode. 
3.1.1 CR model for fast excited H produced by charge exchange 
In Ref. [23], the CR model for charge exchange resulting in fast atomic H(n, l) consisted of the following 
set of rate equations, 
dn;(n, l) 
dt 
allowed 
nd;ngkx(n, l) - L A(n,l)~(n',l')n;(n, l) 
(n' ,l')<(n,l) 
-kQ(n, l)ngn;(n, l). (3.1) 
Here n;(n, l) is the number density of fast atomic H in the excited state (n, l) produced by energetic 
ions Hd; with x =I, 2, 3 and density nd;. Similarly ng is the density of background gas. For fast atomic 
H(3s) we would therefore have three equations, one for each Doppler shifted peak. Background H2 is 
assumed to have temperature T = 300 K, so that H2 density may be obtained from the ideal gas law. 
In our experimental apparatus a steady-state solution is appropriate and so the left hand side of Eq. 
(3.1) is set to zero. On the right hand side, the first term gives the contribution of charge-exchanging Hd; 
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to the population of Hfast ( n, l). For charge exchange the rate coefficient is k;x(n, l), which has units 
m3s- 1. The second and third terms describe the de-excitation processes, respectively these are sponta-
neous emission and collisional (non-radiative) quenching by the background gas. We include sponta-
neous emission through optically allowed transitions, characterized by the Einstein emission coefficients 
A(n,l}~(n',l'} (units ofs- 1). 
Rate coefficients for collisional quenching of an excited state are given by kQ(n, l) (units m3s- 1 ), 
which allow optically forbidden transitions of H(n, l) to the ground state and assume uniform depop-
ulation of the available orbitals. Any energy lost to electronic or vibrational excitation are only a few 
tens of eV and are negligible compared to the keY range of energies considered here. We neglect linear 
momentum transfer from energetic H to H2 on the basis that we expect the mean free path for momentum 
transfer to be larger than the length scale of our discharge. The discharge is taken to be optically thin 
(emitted light is not reabsorbed). 
A rate coefficient k is related to its cross section a (m-2) through k(v) = J a(v)vf(v, v)dv where 
v is the relative velocity between interacting particles and /( v, v) is a relative velocity distribution func-
tion parameterized by the mean interaction velocity v. For energetic atoms or ions interacting with the 
background gas, vis approximately the atom/ion velocity. Assuming a monoenergetic beam then f(v, v) 
is approximated by a delta function such that k(v) = a(v)v. 
For charge exchange of monoenergetic Hi we may write k~x = a~xv;i, where experimental cross 
sections were obtained from Phelps et a/. [36]. Cross sections for quenching [3 7] are approximately 
constant for interactions in units of keY energy range. Values for A(n,l}~(n',l') (averaged over fine 
transitions and assuming no field-induced mixing effects) were obtained from Wiese eta/ [38]. 
3.1.2 CR model for slow excited H produced by dissociative excitation 
The CR model in Ref. [13] considered central peak emission generated by a beam of units ofkeV elec-
trons with a monoenergetic electron energy distribution function (EEDF). In this same paper, magnetic 
deflection of electrons in the inter-electrode emission channel showed they are indeed largely monoener-
getic and accelerated to energies in the order of the full applied potential. The model therefore neglects 
the recombination of low energy secondary electrons as well as any ionizing collisions that would pro-
duce them. Rather it was found that the emission is dominated by dissociative excitation of H2 by fast 
electrons. We neglect loss of low energy (K < 1 eV) H due to momentum transfer from atoms with 
larger kinetic energies. This is based on the assumption that the dissociation fraction /,Jow of the gas into 
low energy excited H is small (/,Jow « 1) and so momentum transfer is more likely to occur only with the 
low-energy background gas. Given slow Hand small f,Jow we also neglect atom-atom (de-)excitations, 
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as well as interactions between electrons and atoms in excited states. 
Rate equations take the fonn, 
dn°(n, l) = kD(n, l)n-ng-
dt (n',l')<(n,l) 
allowed 
L A(n,l)~(n' ,l')n°(n, l). (3.2) 
Here n°(n, l) is the number density of slow H(n, l) produced by dissociative excitation of H2 by fast 
electrons of density n-, with the rate coefficient for this process given by k0 (n, l). For a monoenergetic 
EEDF we may write k0 = a0 v-, where experimental cross sections a 0 for low-energy ( < 6 keV) dis-
sociative excitation were obtained from Vroom eta/. [39). Experimental cross sections for dissociative 
excitation in the tens of keV range do not exist, and so we use the high energy Born-fit quoted by Janev 
eta/. [40]; for 30 keY electrons we have a 0 (n = 3) = 3.0 x w-24 m 2 . 
Unlike the model for charge exchange, each level ( n, l) is described by a single equation related to 
the central peak emission. We note also that the original model had each n°(n, l) coupled to higher levels 
through the inclusion of radiative cascades, however the removal of this process has negligible effect on 
the model output and so is neglected in its present incarnation. We again consider the steady-state case 
by setting the left hand side to zero. 
3.1.3 Absolute densities for fast ions diverging from the cathode 
We now use the CR models for fast and slow H(n = 3) to relate densities of fast ions and electrons to 
the H, spectrum obtained using the setup in Sec. 2.3. 
In the Abnormal Hollow Cathode model for the discharge (see Sec. 1.3) the Doppler-shifted emission 
from fast H is interpreted as arising from ions that are created within the cathode and undergo charge 
exchange as they accelerate away from a central region of positive space charge ('virtual anode'). For 
ions accelerating to energies of 2 - 3 kV, the mean free path for charge exchange is in the order 2 - 3 
em and so we expect fast H(n = 3) to be produced in the vicinity of the cathode edge. This position 
corresponds to a minimum in electric potential and a maximum in incident ion velocity. Figure 3.1 
represents this graphically for the low voltage discharge, with energetic Doppler emission at the anode 
arising from fast excited H produced at the cathode. For Doppler emission measured at an angle e < 90° 
to the discharge passing through the center of the anode ring, we estimate that emitting H travel a distance 
d,ep equal to the axial cathode-anode separation. Obtaining the particle energy K from the observed 
Doppler shift 6.\, we can then use Eq. (1.4) to estimate an average time of flight t,ep· 
For the experiments in this thesis we have d,ep = 6 em for the low power discharge and d,ep ~ 20 
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Figure 3.1: Graphical depjction of the mechanism for energetic Doppler emission in the low voltage IEC 
discharge. 
em. for the CW and pulsed modes. As such we are typically concerned with emission through the channel 
3s -t 2p. This bas a radiative lifetime T = 1/A3s-'2P = 1.6 x 10-7 s. For incident Ht of energy 1 keV 
this implies a decay length scale v+r rv 10 em. In contras t, the channels 3p ____. 2s and 3d --+ 2p have a 
decay length in the order of 2 and 1 em respectively, and so we neglect emission from fas t H in the 3p or 
3d s tates. We may thus relate the population of fast H (3s) at the anode and cathodeJ 
[aoodeln.*(3s) = [cathode] n *(3s) X exp(-A3s-2ptsep)· (3.3) 
The intensity [anode] J ; of DoppJer emission arising from fast Ht and measured at an angle fJ to the 
emission channel at the anode may then be wrilten 
[aJr; ex [aJn:(3s)A3s-+2p 
- [cJn:(3s)A3s-+2p X exp ( - A 3s-.2pt sep), (3.4) 
where for clarity we have used the shorthand •a• and ·e for the anode and cathode, respectively. 
Figure 3.2 shows the situation for slow H(n = 3) , where central peak emission at the anode arises 
through dissociative excitation of H2 by fast electrons. Since the excited H have negligible kinetic 
energy (K rv 1 eV), we may assume that unshifted emission occurs at the point in space where the gas 
is dissociated. The intensity [a)J0 for centraJ peak emission at the anode is thus given by 
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la)J 0 ex: laln°(0.16A3s__.2p + 0.44A3p-2s + 0.40A3d-2p), (3.5) 
where it is understood that laln° refers to slow H(n = 3) at the anode and we bave used the dissociative 
excitation branching ratios (s: p: d)= (16 : 44: 40) of Fujimoto et al [41]. 
As I~ and 1° are sampled at equal distances from the respective emitters, at approximately the same 
wavelength and wilb lhe same exposure time and detector sJit width, we can neglect any spatial or 
frequency dependence in their ratio, 
[a)J* 
X 
-[a] JO 
[cJn;A3s-+2p X exp(- Aas-->2ptsep) (3.6) 
[a]n°(0.16A3s-+2p + 0.44Aap-2s + 0.40A3d-+2p) t 
where it is understood that [cJn; refers to fast Hat the cathode in the 3s state. Rearranging the steady-state 
forms of Eqs. (3.1) and (32), we can obtain expressions for [c]n* and laln° respectively. Substituting 
these into Eq. (3.6), we obtain 
[aJ J; - [clnt o-;x(3s) [alv; (1 + c] )C2 X exp( - A3s-+2ptsep), 
[a] JO - laln- a-D ( n = 3) [a]v-
where cl and c2 are defined as 
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(3.7) 
c1 = 
c2 
0.44A3p~l, 
(O.l6A3,~2p + 0.44A3p~2' + 0.40A3d~2p) 
A3s--->2p 
(A3,~2p + ngcrQv;) · 
(3.8) 
(3.9) 
For additional detail on this derivation, we point the reader to the Appendix. We have thus related the 
density of fast ions emerging from the cathode to the experimental ratio of I; and I 0 at the anode, and 
also to the density n- of fast, monoenergetic electrons at the anode. This method is convenient as the 
energies of incident ionic species can be read quickly from a single spectrum ofH" using Eq. (1.4), with 
the ratio between Doppler and unshifted emission computed by comparing areas under the respective 
peaks. 
In this work we estimate electron density by equating the anode current with that measured at the 
cathode Uanode = Icathode by Kirchoff's current law). At the anode, we assume the current is due to a 
constant flux of electrons (of charge e and mass me) streaming from the cathode in a beam of radius r. 
It follows that, 
[a] - I / ( 2 -) n = cathode e 7rT V , (3.1 0) 
where the velocity v- of fast, monoenergetic electrons at the anode is calculated by assuming they are 
accelerated to the full applied potential as in Ref. [13]. Relativistic effects are neglected. We have 
assumed also that the electron and neutral beams have equal radii r at any position along the beam, so 
that the optical setup samples light from eqnal volumes of electron and fast neutral emission. 
The result of all this is an expression relating intensity ratios to the ratio of ion and electron densities, 
[c) if,,_,, [cJn+ X 
ng 
l•li; l•ln- crD(n = 3) l•lv-
I•IID -n- crCX(3s)lcJv+ g X X x [(1 + CJ)C2exp( -A3,~2pt,eplr
1 , (3.11) 
where [c) Jr,., is the dissociation fraction of the background gas into energetic nuclei at the cathode 
aperture, [clnt is the number density (units m 3) of fast Ht of velocity vt emerging from the cathode 
aperture, and n- is the number density of fast, monoenergetic electrons of velocity v-at the anode. 
It has been shown [14, 24] that for pressures in the tens ofmTorr range, the Doppler peaks associated 
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with fast Hi and Hj are not resolved but instead form a merged peak. Moreover these species are 
expected to be present in approximately equal numbers [23], and so for this peak (referred to in our 
results section as 'fast Hi5 ') we assume an average incident ion mass corresponding to x = 2.5. As a 
result, we take the cross section for Doppler emission to be the average of total Ha production by fast 
Hi and Hj in H2 [36]. For Hi of energy 1 - 15 keV we can estimate that roughly 1/3 of fast neutral 
H(n = 3) will be produced in the 3s state [42], and so we divide the total Doppler Ha cross section by 
three in order to specify emission by fast H(3s). For a merged population of 15 keV ions we thus have 
a~!2 _ 5 (3s) = 5.0 x 10-22 m2 We divide also the total n = 3 quenching cross section of Ref. [37] in 
the same way, yielding aQ(3s) = 2.5 x 10-19 m2 We note that for each set of cross section data used, 
uncertainties may be as large as 10% and this will contribute to the overall uncertainty associated with 
the diagnostic method (described more fully in Sec. 3.1.5). 
Certain atomic emission processes were neglected in this analysis. One was dissociative ionization 
of H2 by electrons, 
e- + H2 ~ e- +Hi' ~ 2e- + H+ + H(n = 3). (3.12) 
which from Ref. [9] produces Ha with Doppler shifts 0.5 ;S 16.\l ;S 3 A. This is larger than the chosen 
integration under the central peak (6.\ < 0.3 A). Assuming that the density of ground state atomic H is 
much smaller than for H2, we also neglected electron excitation of atomic H. 
3.1.4 Prediction of neutron production rates in deuterium 
One of the key claims of our optical diagnostic is that we may use the dissociation fraction at the cathode 
edge (frost) measured in hydrogen to predict the volumetric neutron production rate [c]Rvol (m-3s- 1) of 
process ( 1.1) at the cathode aperture for a deuterium discharge which has the same current and voltage. 
We term this an 'equivalent' discharge of D2. We anticipate that the values frost and Rvol are related 
through 
[c]Rvoi [cJn;ng(2xaD-D)v; 
= [c]frost(ng)2(2xaD-D)v;, (3.13) 
where now [clni is the population density of fast monoenergetic deuteron nuclei at the cathode edge, 
with mass x times that of a single deuteron and velocity vi. The cross sections aD-D for process (1.1) 
are quoted in Ref. [2), and we multiply these by a factor 2x to account for the increased density of nuclei 
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in the reaction between fast D;t and the gas molecule D2. That is, we have assumed each D;t dissociates 
into x deuterons, and may interact with a background gas molecule consisting of 2 deuterons. 
In the AHC model for the discharge, the energetic fast deuteron ions have largely been neutralized 
beyond the cathode aperture and so we can make the estimate that the density of energetic nuclei (and 
their energies) remains unchanged along the beam. Assuming the most energetic deuteron nuclei form a 
collimated channel of radius r = 1 em and length L = 48 em from anode to anode, the total absolute 
neutron production rate Rtot (s- 1) for the system is thus given by, 
Rtot = [c]Rvol X (Lnr2). (3.14) 
Combining Eqs. (3.10), (3.11), (3.13) and (3.14) we see that the prediction for absolute neutron 
production rate is, in fact, independent of the beam radius. In contrast, uncertainty in the beam radius 
dominates the uncertainties for the dissociation fractionfr..,,, the absolute density of fast ions and the 
neutron production rate Rvoi· 
3.1.5 Limitations and uncertainties associated with the optical diagnostic method 
Application of the method presented in Sec. 3.1.3 is restricted to regions of the inter-electrode discharge 
where the electron population is approximately monoenergetic in the units to tens of ke V range. This 
is due to the treatroent of central peak emission; from Ref. [ 13] we expected that the electron-energy 
dependence of the central peak intensity could be approximated by Eq. (3.2) only for electron energies 
greater than about 1.5 keY (see Fig. 1.10). 
Moreover, some of the experimental and tabulated quantities in Eq. (3.11) are associated with signif-
icant uncertainties. For example, populations of fast ions and neutrals are not perfectly monoenergetic 
as their respective Doppler peaks can be fit by Gaussians [12, 14, 15, 23]. This is due not only to con-
volution with the spectrometer response function but also to the random nature of the charge exchange 
process, in which individual ions travel different distances (and accelerate to different energies) before 
interacting with the gas. We characterize the spread in terms of the Gaussian half-width, which for low 
power and CW discharges were typically about 3 A. Using Eq. (1.4) this suggests a spread of energies 
±(100- 300) eY for each peak, or about 10- 20% for ions and atoms in the units of keY energy range. 
In fact there exist similar uncertainties for the tabulated cross sections for charge exchange and dissocia-
tive excitation. We note also that the underlying AHC model assumes all charge exchange occurs at a 
single point along the beam (at the cathode aperture). In reality however, charge exchange will occur for 
a range of positions along and about the discharge axis. For 2- 3 keY ions traveling through a 20 mTorr 
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gas, the mean free path length for charge exchange is in the order 2 - 3 em (similar to the half-length 
of the cathode). We therefore assume an axial 'interaction range' smaller than ±1 em either side of the 
cathode edge, which would introduce an uncertainty up to 15% in the time of flight t,ep· 
The assumption of an electron-induced origin for the central peak may also be incorrect. Williams et 
a/ [42] show that like fast electrons, fast Hand Hi at units and tens ofkeV energies may produce slow 
H(n = 3) by dissociative excitation of hydrogen gas, and that the cross section for these processes are 
similar to the corresponding production of fast H(3s). For central peak emission at the anode, we may 
neglect any contribution from Hi as ion energies at the anode are low. However we cannot similarly 
discount the component of central peak emission arising from fast neutral H, as this should exhibit 
intensities comparable to the Doppler shifted peaks. In fact for H energies of 5- 15 keY the ratio of 
production cross sections of fast H(3s) to slow H(n = 3) is 1.2 ± 0.1 which is about 40-50% of the 
corresponding Doppler to central-peak intensity ratios we measure in Sec. 4.2.1. As such, we already 
expect that Eq. (3.11) may be overestimating the component of central peak emission due to electron 
excitation by as much as 50%. In Sec. 4 we use the numerical simulation of the following section to 
better quantify the contribution to central peak emission by electrons. 
Strictly speaking Eq. (3.14) requires a sum over all the fast ion species x. However for the mea-
surements in Sec. 4.2.1 we have focused only on the Doppler peak corresponding to fast Hi5 as the fast 
H+ peaks were not always visible (intensities for H+ Doppler peaks were generally less than 10% of 
those for H~_5 ). However, neglecting the contribution ofH+ in this way may underestimate the predicted 
fusion rate by up to an order of magnitude as the fusion cross sections for these more energetic nuclei are 
about an order of magnitude larger. We have similarly neglected any contribution to fusion rates by fast 
neutral particles reflecting from the anode surface which, as evidenced by the experimentally recorded 
Doppler spectra of Sec. 4, may not be insignificant. Equation (3.14) for the total fusion rate also ignores 
any fusion reactions for fast deuterium nuclei accelerating from the cathode center towards the cathode 
interior wall; this is justified on the grounds that the cathode interior comprises only a small fraction 
( < 10%) of the total fusion reaction volume in the system. 
We have neglected electric field mixing in the production of fast H(3s) at the cathode and slow 
H(n = 3) at the anode. This is justified as we expect the electric field in both of these regions to be 
small - in our model the cathode edge exhibits a local potential minimum, and we assume the anode to 
sit sufficiently beyond the cathode fall. We note however that in the cathode fall region we anticipate 
axial fields exceeding 1 kV /em, and this may decrease the 3s lifetime by an order of magnitude (see Fig. 
9 of Ref. [43]). Taking this effect into account would require careful modification of the assumed H(3s) 
decay (as given by Eq. (8) of our previous paper), and we acknowledge it as a shortcoming here. 
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It is also possible that cathode heating may influence the temperature and density profile of the gas, 
whereas our model assumes uniform profiles for both. Experimentally, we have attempted to minimize 
this issue by allowing the cathode to cool (switching off the discharge) between individual measurements 
of Ho: spectra and neutron production rates. 
Given all those sources of error in the diagnostic as presented here, we conclude that any single 
optically-determined prediction of fusion rate is associated with an order-of-magnitude uncertainty at 
best. 
Finally, our treatment of the anode current ignores other parts of the discharge, for example the low 
intensity emission surrounding the outer surface of the cathode (cf. Fig. 2.9). We suggest that this issue 
could be countered by insulating the outer surface inside a ceramic sleeve so as to prevent a discharge 
forming in this region, however this was not implemented in the present work. As a result we may 
overestimate our experimental anode ring current, and the resulting densities of fast electrons and ions 
by some small, unknown fraction. 
3.2 Semi-analytic simulation of electric potential and Doppler H., spectra 
We present here our semi-analytic procedure for calculating energies and densities of electrons and ions 
in the cylindrically symmetric AHC discharge. Section 3.2. I covers the generalized method, with partic-
ulars ofthe numerical implementation described in Sec. 3.2.2. Advantages and limitations of the method 
are considered in Sec. 3.2.5. 
3.2.1 Iterative relaxation method for steady-state solution of the Poisson equation 
The aim here is to calculate the potential profile along the beam axis of a steady-state AHC discharge, 
and for this purpose we divide the beam into m segments of equal length dz from anode to anode. The 
Poisson equation (I. I I) is recast as a finite difference equation in linear cylindrical coordinates, 
(V;+J- 2Vj + V;-d/dz2 = -pJf•o, (3. I 5) 
which we solve for the axial potential V; a distance z from the cathode center. We thus require the charge 
density Pi= e(nj -nj) where e is the elementary charge and the number densities of ions and electrons 
in segment j are given by nj and nj respectively. Particle densities are calculated through an iterative 
process depicted by the flowchart in Fig. 3.3. 
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Figure 3.3: Flowchart depicting stages in our iterative solution for the steady-state electric potential. See 
text for explanation. 
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Specifically, the method of Fig. 3.3 is to consider the acceleration of an initial population distribution 
of e]ectrons, 
[D]p- = ( F1 F2 Fm)' (3.16) 
where Fj represents the fraction of electrons in segment j and where the superscript notation '[n]' denotes 
a value in the nth iteration of the solution procedure. The ensemble is accelerated through an initial 
potential distribution, 
1°lv = ( v1 v2 Vm)' (3.17) 
where now the electric potential in segment j is given by \!j. These initial vectors are used to calculate the 
population of Ht produced in each segment relative to the electron population. These are then acceler-
ated through the same potential yielding the energies and relative density distribution of energetic neutral 
H2 through charge exchange with the background gas. As such, the different acceleration timescales for 
electrons and ions are dealt with implicitly through the dependence of relative densities on ionization and 
charge exchange cross sections which are energy (velocity) dependent. Relative densities are then scaled 
using optically determined fast ion densities at the cathode edge for experimental values of voltage and 
gas pressure; this allows calculation of absolute particle densities and solution of the Poisson equation. 
The calculated potential becomes the input for the next iteration number n of the process, which in an 
ideal scenario continues until the potential meets some strict convergence criterion. The initial potential 
\!j are taken as the Laplace solution corresponding to Eq. (3.15) with initial values of Fj- set to I for j 
inside the cathode and falling off as z-c along the beam outside the cathode. The choice of constant C 
can affect the convergence of the solution and is discussed in Sec. 3 .2.2. 
The first step in the iterative sequence of Fig. 3.3 is to calculate the energy Ki~j of electrons at the 
center of segment i having begun its acceleration from the center of segment j. To a first approximation, 
this is given by 
K-:- = V1·- V;, 
'·1 (3.18) 
for all Vk > V;, where k = i + 1, .. , j. Ki~J is set to zero otherwise, which signifies that an electron either 
cannot accelerate from segment i to j, or that segment j is at the outer extent of an oscillatory motion. 
We note that Eq. (3.18) as given does not incorporate energy loss due to ionizing collisions, which must 
also be included. Appropriating the methods of Shrier eta/. [14] as applied to charge exchange, the 
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average total energy lost by an electron of the ensemble accelerating from segment i to j is given by, 
J 
E~o~s = Eionizngdz ' Uioniz(K- ) 
1,) L.....t t,k t,k ) 
k=i+I 
where Eioniz is the ionization energy of molecular hydrogen (15.4 eV), ng is the number density of the 
background gas and where the ionization cross section a)~p>z (for an electron of energy K;~j) is taken 
from Ref. [40]. Since the cross section itself is energy-dependent, the ionization energy losses are 
incorporated into Eq. (3.18), with the final equation appearing as 
[n+l]Kc- = V _ v; _ Elo"([n]K-) 
t,] J t t,J ' 
which is essentially a relaxation procedure in that we find a converging solution by taking a nested 
iteration loop over n. Following the calculation of K;~j to within some arbitrary convergence criterion, 
the fraction of the electron ensemble undergoing ionizing collisions in segment j having started their 
acceleration in segment i can be written, 
j 
p- = H(KC")ngdz "' aioniz 
z,1 z,1 L z,k ' (3.19) 
k=i+l 
where H (x) = 1 for x > 0 and zero otherwise. P;j is thus nonzero only if electrons can accelerate from 
segment i to j. 
For ions, the process (1.6) is but one branch of the total charge exchange process, 
Ht + H2 --> H; + Ht, 
producing a slow ion and a fast gas molecule H; which may dissociate into fast atomic H(n, l). Total 
cross section data was taken from Ref. [36]. In contrast to electrons, which typically lose only a small 
fraction of their kinetic energy in any one ionizing collision, a charge-exchanging ion is treated as being 
replaced by an ion at rest. Moreover we are interested in the energies of the resulting energetic neutral 
H2 and so we calculate the energy K;-+:1 of an ion having accelerated without charge exchange, 
K+ = V;- v;J., 
'·1 (3.20) 
which is nonzero for all v; > Vk with k = i + 1, .. , j and is set to zero otherwise. As in Ref. [14] we can 
write the fraction of ions starting in segment i and surviving to segment (j - 1) as, 
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(J-1) 
exp(-ngdz L uf£"), 
k=i+l 
and similarly for ions surviving to segment (j + 1 ). Thus the probability of a neutral being produced in 
segment j with energy K,+,. (or equivalently, the probability of an ion of energy K+ charge exchanging 
' IJ 
in segment j and being replaced by a new slow ion) is given by, 
(J-1) (1+1) 
Pij = H(K;;j)[[exp( -ngdz L uf£")- exp( -ngdz L uf£")[1, (3.21) 
k=i+l k=i+l 
where .,.ckx is the energy dependent cross section for total charge exchange for an ion accelerating from ,, 
segment i to k. 
The third stage of the iterative process is to again use a relaxation procedure, this time to calculate 
the relative population of electrons (and subsequently, ions) in each segment along the beam. The 'dis-
tribution' element Di,J gives the relative population of electrons in segment j with energy Ki~J" The 
upper-and lower-triangular halves represent the right-and left-going electrons respectively, 
ln+IIv:- = H(K:-) x [r + "'(inlc- + [nJw )] 
t,] l,J 1 ~ k,t k,t ' (3.22) 
k 
where the Fi- represent electrons having reached segment j after being initially injected into segment i 
and does not require specification in terms of the present segment j. That is, if H(K.-1.) is non-zero then 
'· 
electrons can accelerate from segment i to j and are not lost along the acceleration path irrespective of 
the value of j. New electrons may be created however, and indeed the collision element Ck,i represents 
all slow electrons produced in segment i as a result of ionizing collisions by electrons accelerating from 
segment k. Thus the second term on the RHS represents slow electrons produced in segment i by any 
other electron in that segment. For iteration n = 0 the collision matrix [nJc;:_; is set to zero and may 
be written as the rows of upper-and lower-triangular [n+ 11Di,j are written (left-to-right and right-to-left, 
respectively). If the gradient of potential in a segment j is positive (negative) then ionization produces 
additional slow electrons moving right (left). We thus write the electron collision term as, 
[n+Ilc:- =[n] v:-.p-., 
t,] t,] t,J (3.23) 
where for upper triangular element we must have \f;+J > V;-1 (and for lower triangular elements we 
require \!;+I < V;-1), otherwise the element is set to zero. The third term on the RHS of Eq. (3.22) 
considers electrons which have reached the end of an oscillatory motion and are beginning a return or 
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'reflected' trajectory in the opposite direction. This is written, 
[n+lJR- _[nJ v-:-
i.J - t,]' (3.24) 
which is nonzero only when an electron reaches zero velocity along a negative potential gradient, or 
equivalently where K,~1 > Ki~(j-J) = 0 for left going electrons and K,~1 > K,~(j+l) = 0 for right-going 
electrons. The matrices (3.22,3.23 and 3.24) for electrons may be calculated in sequence until fulfillment 
of some arbitrary convergence criterion in n-. 
The relative density of slow ions produced in segment j is equal to that of slow electrons produced 
through ionization. Equivalently, the source vector for ions may be written F/ = D(j_ 1),j + DU+J),J 
which is the sum of relative densities ofleft and right going secondary electrons produced in that segment. 
The distribution matrix for ions is given by, 
(j-1) 
[n+lJv+ = H(K+) X [F+ + "'(lnlc+ + [n]R+ )] X n (1- p+ ), 
t,J z,J t L k,t k,z t,k (3.25) 
k k=i 
where the collision and reflection matrices c+ and R+ behave similarly to their electron counterparts. In 
fact v+ is conceptually identical to v- aside from a final multiplicative factor accounting for the loss 
of energetic ions to charge exchange as they accelerate from segment i to j. 
For either species in segment j we can calculate the average energy of right-going particles, 
j j 
,;ghtK - "'(K ·D ·)/"' D . J - L k,] k,] L kJI (3.26) 
k=l k=l 
which is nonzero for any segment where at least some particles have nonzero energies (the element is set 
to zero otherwise). We calculate the average energy for left-going particles similarly, 
m m 
left- "' "' Kj = 6(Kk,JDk,j)/ 6Dk,J, (3.27) 
k=j k=j 
where m was the total number of segments in the beam. Now Di,j is proportional to the density of 
particles in segment j with energy corresponding to particles accelerating from segment i. Taking a 
sum over the columns of upper-and lower-triangular Di,j thus gives the relative density '"1nj in each 
segment for right-and left-going particles respectively, with the average energy in each segment given 
by Eqs. (3.26) and (3.27). The relative densities are then scaled with distance from cathode edge; 
visual inspection suggests the beam typically diverges at some angle ¢ outside the cathode and so from 
trigonometry we expect that for a translation dz along the beam away from the aperture, the beam radius 
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will expand by dz tan¢. The density of particles in each segment is thus reduced by the ratio of the 
actual beam volume to the volume of a cylindrical segment inside the cathode. The relative densities for 
electrons and ions are then transformed into absolute densities using the spectroscopically determined 
densities for energetic ions emerging from the cathode apertures. This is applied in conjunction with 
experimentally measured values of cathode voltage and gas pressure. 
We note that electric potential in a beam segment corresponding to a cathode aperture will not typ-
ically sit at the cathode voltage, but rather float above it due to the charge density present in the beam. 
We expect that the axial charge density Pr~o calculated for the aperture segments will in fact be the peak 
of a radial distribution of charge. We calculate the axial potential at the aperture segments by using a 
relaxation method to solve the radial Poisson equation, 
\72V(r) = -Pr~oexp(-r2/w2 )/<o, (3.28) 
on a finite grid where the voltage at the cathode radius is the applied potential, and where the RHS 
indicates a radial charge distribution which is Gaussian and with a width w of order the beam radius 
[31]. The completion of this step then allows a direct numerical solution of the Poisson equation 3.15. 
3-2-2 Implementation 
The Poisson equation is encoded in the form AV = -p/<o where A is an m x m matrix and V and p 
are both column vectors of length m. The number of segments m must be large enough to yield good 
resolution inside the cathode (8 segments long), but also small enough so as to provide speedy solution 
of V through inversion of A. We choose m = 105 segments of equal length dz = 0.46 em from 
anode to anode. The cathode radius (and beam radius inside the cathode) are both set to I em as per the 
experimental apparatus. 
The initial potential (solid curve) and electron population (dashed curve) distributions for our geom-
etry are shown in Fig. 3.4, with the cathode represented by the region between the two vertical (solid) 
lines. The constant C describes the decay of the initial electron distribution p- outside the cathode, with 
a positive value indicating that the initial density of electrons decreases away from the cathode, which is 
as we expect for a cathode fall. The choice ofC can affect the speed (number of iterations) required for 
convergence as well as the distribution of electron energies far from the cathode. We found that for the 
plasma parameters of Sec. 4, a value of C = 0.25 yields electron energy distribution functions (EEDFs) 
which are similar to the monoenergetic electron beams inferred from the work in Ref. [13]. The conver-
gence criterion for the energy, probability and distribution matrices is a maximum difference of 1% for 
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Figure 3.4: Initial potential V (solid curve, left axis) and initial electron distribution p- (dashed curve, 
right axis) versus distance from the left anode walL Vertical Jines indicate positions of the cathode edges. 
any given element between subsequent iterations of the respective relaxation procedures; the criterion 
for the potential is Jess strict (I 0% maximum difference over an entire iteration of Fig. 3.3). Issues of 
convergence in the potential, and other limitations with the simulation are discussed in Sec. 3.2.5. 
The various matrices and vectors comprising the iterative method of Sec. 3.2.1 were written as a 
single processor script in the programming language MATLAB [44] and interpreted on a laptop consist-
ing of dual core 2.4 GHz Intel processors and 2 GB of RAM. For the present convergence criteria, a 
valid set of input parameters (fast ion density, gas pressure and cathode voltage) will typically achieve a 
converging solution within 2 minutes. 
3_2_3 Simulation of energetic Doppler emission 
It is possible to use our numerical results to simulate energetic H,. Doppler spectra from fast H atoms 
produced in the excited 3s state in the process (1.6). We consider an imaginary monochromator directed 
towards the right side of the chamber, sampling light from segment j at an angle (J to the beam. For 
an excited neutral H atom produced in segment j the distance to the detector in segment k is given by 
d1 = dzlj- kl, and the velocity of fast H produced in segment j by an incident Hi of energy K,j is 
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v;,j = V2(K;':,/2)/mH, 
where the incident energy is partitioned among the fast neutral products of process ( 1.6) according to their 
mass [II]. The time of flight of fast H from their production point to the detector with energy K,~,f2 is 
thus given by ti,j = dj / v;,j and so for a neutral with initial intensity I at its point of creation, the average 
intensity following radiative decay along the path to the detector is ItJ""Y = exp( -t;,jA3,-2p) where 
A is the Einstein emission coefficient for this Balmer transition [38]. We can write the relative density 
of fast H(3s) produced in segment j and with an energy K,+1/2 as n;1 (3s) = D+P+a,'1 (3s) where , , t,J Z,J 1 
the cross section a;,(3s) is for Doppler shifted emission from energetic H(3s) arising from Ht - H2 
interactions as given by Ref. [42]. We can thus calculate the (total) relative intensity at the detector of 
fast H produced in segment j by an ion which begins its acceleration in segment i, 
/ tot_ 'T,. .J~~cay X A3s-2pn;j, i,j - t,) t,) ' (3.29) 
where the 'trajectory' function T;,j equals I if the neutral approaches the detector position from the left 
(indicating red shifted emission), -I if the neutral approaches from the right (blue shift) and 0 if the 
neutral does not pass through the detection region (no emission recorded). Using Eq. (1.4), the elements 
of IJ,"j are each added to one of 100 bins over the range -70 < 6>- < 70 A, each bin of width~ 1.4 A. 
3.2.4 Application of steady-state solutions to the pulsed discharge 
From Fig. 2.10, we may treat the dependence of cathode voltage Ycath"de on timet as a second order 
exponential, 
Vcath"de(t) = Ypeak exp( -t/Tpeak) + Vc .. n exp( -t/Ttran) + v"ff'e" (3.30) 
where Tpeak and Ttrail are experimentally determined time constants, with Ypeak and V.rail the amplitudes 
for the fast and slow parts of the pulse, respectively. We also fit a zero offset V"ff,et which is typically of 
order YtraH· With appropriately scaled amplitudes and offsets, we can assume the same time constants 
for the time-variation of current. 
In Sec. 4 we measure the current-dependence of the fast fraction Jr.,, for the CW mode in the cases 
of constant voltage (-30 kV) and pressure(~ 5 mTorr) in hydrogen. For both conditions, we tend to have 
Jr.,, varying proportional to the logarithm of current over the measured current range. Since the pulsed 
mode also had peak voltages of order -30 kV, the CW measurements allow us to apply the steady state 
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solutions to the pulsed discharge. We begin by using the measured peak current to extrapolate beyond 
the constant-voltage data, yielding the peak value of frru;t (and thus the maximum fast ion density for the 
pulse). The pulse itself may be described as a decay in voltage and current over time with a constant 
pressure - we can thus estimate the time decay of frru;t from its peak value by observing its current 
dependence for the constant pressure measurements in CW mode. 
The time-dependent parameter frru;t ( t) is then fed into the numerical solution method leading to 
instantaneous emission intensities I'0 '(t) and neutron production rates R'0 '(t). For a small timescale dt 
this yields accumulated intensities and neutrons J[,j'(t)dt and R'0 '(t)dt respectively. In this work each 
simulation of Doppler spectra and total neutron production rate is accumulated from I J'S to I 0 ms using 
ten values oft (or 'slices') spaced evenly on a logarithmic scale, which assures time steps dt larger than 
the typical times of flight ( < lJ'S) for~ 15 keY neutrals. This is necessary in order to treat the emission 
as time-invariant during each slice. 
3.2.5 Advantages and limitations 
As with the charge exchange modeling of Ref. [14], the present calculation of average particle energies 
and densities does not suffer from the numerical noise observed in more conventional particle-in-cell 
(PIC) models featuring Monte Carlo collisions, and is generally faster than these methods. Unlike some 
PIC models however, our steady-state equation system features fewer atomic collisions, for example we 
neglect production and charge exchange of H+ and HI. We may justify this on the grounds that Hi 
is the dominant ion species for the units and tens of mTorr pressure range [23]. It is more difficult to 
justify our neglect of ionization of the gas by fast neutrals, in fact given the results of Chapter 4 we would 
expect such ionization to add significantly to the ion population within the system; we offer that these 
calculations are primarily of qualitative interest. 
Our method is proficient at the simulation of potential field and momentum fluxes, and this is through 
reliance on experimentally measured fast ion densities, pressures and cathode voltages. But the calcu-
lations carmot show how these ion densities arise over time, as we neglect the production of secondary 
electrons through collisions of ions with the cathode interior wall - which in Ref. [21] was hypothe-
sized as the mechanism ultimately responsible for sustaining the discharge. In a sense, there is some 
assumption that low energy electrons have a density maximum within the cathode (see the initial elec-
tron distribution p- imposed in Fig. 3.4), but this initial electron distribution is not explicitly dependent 
on the calculated ion distribution. 
On the issue of time dependence, we note that for each pressure/voltage pair there exists an upper 
bound to the range of aperture ion densities leading to converging solutions in V. Just beyond this, 
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we tend to observe solutions of V which are physically reasonable (maxima and minima no higher or 
lower than the anode and cathode, respectively), but do not converge between subsequent iterations of 
the solution procedure. This suggests certain values of current may not be maintained in the steady-state. 
Taking the current higher again the potential fails to converge at all; we take this to indicate combinations 
of parameters which are entirely non-physical. The work of Marocchino eta/. [45] in modeling the 
time-variation of a virtual cathode in an electron-injected system using a PIC method suggests that a 
finite angular momentum for electrons can lead to a potential profile which is more stable in time; future 
researchers applying our method to IEC may wish to somehow incorporate finite angular momentum to 
particles within the cathode. 
Finally we note that our neglect of scattering interactions between modeled populations and the 
background gas may significantly diverge from the real situation as pressure increases. For the present 
length scales of the anode and cathode, we expect that the generated solutions will be invalid for pressures 
above ~ 200 m Torr. 
3.2.6 Magnetic deflection of the electron beam 
For the ideal case of 30 keY electrons of velocity Ve traveling through a uniform magnetic field B = 
10 mT, the radius of curvature is R = mevefeB ~ 6 em. For the electron beam in Fig. 2.3 striking the 
anode wall after having been deflected by a magnet of radius Tmag = 4.5 em (also placed near the wall), 
we therefore expect a transverse displacement of about 5 em relative to the undeflected neutral beam. 
The experimentally obtained beam deflection was not at all ideal; the results and their implications are 
discussed in Sec. 4.3.2. 
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Chapter 4 
Results and Analysis 
In this Chapter we present measured H, spectra for the low voltage, CW and pulsed IEC discharge modes 
as described in Chapter 2. Where applicable, we apply the optical diagnostic of Sec. 3.1, presenting 
measured absolute fast ion densities and fast fractions fraot for the hydrogen discharge and comparing 
the predicted and measured neutron production rates for equivalent discharges of deuterium. Finally, 
we also present results of our numerical simulation for the CW and pulsed modes, gleaning crucial new 
insight into the potential shape, and dominant trajectories for charged and neutral species. 
For purposes of clarity, this results chapter is divided into three sections, each dealing with the 
separate experiments on low voltage, CW and pulsed mode IEC plasmas. 
4.1 Low voltage discharge in hydrogen 
4.1.1 Measurement of central-and Doppler-peak intensities 
Keeping the cathode bias constant at -5 kV and with cathode currents in the range 1 - 30 rnA, we 
recorded several H, spectra at an angle 8 = 25° to the emission channel through the center of the anode 
ring of Fig. 2.2. Cathode current was varied by adjusting gas pressure in the range 10- 30 mTorr, where 
the variation may be fit by a power law (Fig. 4.1 ). 
Spectra were recorded for eight values of current across two separate trials (sets I and 2 are denoted 
by filled and hollow data points, respectively). All measurements used identical parameters for the 
detector setup (10 x 5000 ms exposures with a constant slit width 20Jlm). A typical spectrum is shown 
in Fig. 4.2. 
The intensity of the Doppler red-shifted emission is greater than for the blue-shifted wing, with the 
red peak also extending out to larger Doppler shift magnitudes. Given the line of sight of our detector 
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Figure 4 .1: Cathode current versus pressure (bias - 5 kV). The curve shows a second-order polynomial 
fit to the data. Filled and hollow points indicate separate experimental runs. 
+ 
, Secondary H2 
'{I I 
•• 4 X 104 ~ ' r 
+ 
Central peak .........._ ' ' ' . 
I .,. .... . Fast H2.5 
' . ..,JJ~ •• 
., . "' {, ~ ' 
' 
-
- .r -
--
. 
Cl) 3 ~ 
c 
;::l 
• 
" 
J , 
+ 
• ' ' .. I • • 
• 
FastH ' 
•f ~ 
0 
' 
• ~ ,._. 
' 
' 
(.) 
2 + 
.. 
' ' 
• Slow H2.5 '. • 'l • • \ " .I 
c: 
't 
• .\;' 
0 
....... 
' 
..... 
0 
..t:: 1 0.. 
OJ -- ..--- __, L ;: 
- -
-20 0 20 
Doppler shift (A) 
Figure 4 .2: Typical spectrum (discrete points) observed at () = 25° to the emission channel through 
the center o f the anode ring. We label the Lorentzian fitted to the central peak as well as Gaussians for 
red-and blue-shifted Doppler peaks. The dashed curve represents the total fit_ 
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with respect to the electrode arrangement (Fig. 2.2), this suggests the incident fast ions are traveling 
towards the anode ring. In Fig. 4.2 the central peak intensity is associated with the area of a Lorentzian 
fitted using the commercial software package ORIGIN [ 46]. Following the same procedure as in Refs. 
[12, 15, 23, 14], emission intensities associated with the energetic red-shifted charge exchange peaks are 
measured by fitting three Gaussians, also labeled in the figure. Energies for the incident ionic species are 
determined by using Eq. (1.4) with the observed shift 6), for a given peak maximum. 
Here the red peak closest to the central peak is associated with secondary charge-exchange interac-
tions arising from low energy (hundreds of eV) H:j which are produced in the energetic processes of 
Eqs. ( 1.5 -1. 7) and accelerate back and forth through the potential minimum in the vicinity of the cath-
ode edge. In contrast, we suspect that some of the low energy (10 - 100 eV) blue-shifted emission is 
associated with slow H~~2.s produced at the anode. That is, the blue shifted Gaussian could be attributed 
(in part) to the charge exchange and subsequent Doppler emission by H:j and HJ produced near the an-
ode and beginning their acceleration towards the cathode. Near the anode we expect H:j to be produced 
primarily through ionization of the gas by fast electrons. 
Figure 4.3 shows the incident ion energies associated with the energetic H+ and Hi5 Doppler peaks, 
as well as the red-shifted secondary peak and low energy blue-shifted peak. We note that the energies 
for fast H+ and His agree to within 25% across the range of pressures and currents. This suggests the 
energetic peaks have been identified correctly; all fast species are thought to accelerate away from the 
same region of space charge within the cathode, and so should acquire similar energies. 
The energies for lower energy blue-and red-shifted peaks have large uncertainties due to their close 
proximity to the background noise level (in fact we were not able to identify these peaks in all of the 
spectra). Taking into account fitting errors for the peak centers (20% for slow H:js, 10% for fast H+ 
and 5% for fast His and red-shifted secondary H:j), then the energies for fast H+ and His correspond 
to about 50% of the applied cathode potential. This is similar to the Doppler and Langmuir probe 
measurements performed by Moore eta/. [15] for (gridded) cylindrical and spherical cathode geometries, 
respectively. The only exception is at the lower bound of our current/pressure range, where the fast H+ 
peak was nearly indistinguishable from the background. 
In Fig. 4.4 we plot the intensities for the peaks associated with fast His emerging from the cathode, 
slow His at the anode and central peak emission, where uncertainties are estimated using the fitting 
errors. Intensity for each peak increases roughly linearly with current over the 10 - 30 rnA range. 
Note that for slow His we have halved the raw intensities. Paradoxically, this is because the Gaussian 
fitting procedure places almost half of the blue-shifted Gaussian in the red-shifted part of the spectrum. 
Nevertheless, the halved-intensities coincide with those for the central peak. In some sense we expect this 
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Figure 4.3: Incident ion energies for the charge-exchangmg species identified in Fig. 4.2. For cJarity we 
do not distinguish between experimental runs. 
to be the case as slow ions at the anode are thought to be created by the same fast eJectrons responsible 
for unshifted emission. 
The ratjos of Doppler (x r-.J 2.5) to centra] peak emission versus current are shown in Fig. 4.5 
(variation with pressure is simj lar). Intensity ratios are in the range 1 - 5 for currents greater than 2.5 
rnA. however there exists significant variation between trials. ln the next subsection we apply the method 
of Sec. 3.1.3 to extract add_i tionaJ infonnation. 
4.1.2 Determination of densities for fast ions emerging from the cathode 
Using the intensity measurements of Sec. 4.1.1, we apply Eq. (3 .11) in order to calculate the ratios of 
fast Hi 5 emerging from the cathode to fast electrons at the anode. These are the circular data points 
in Fig. 4.6. The caJculations assume incident ion energies 50% of the applied bias, and approximate 
a charge exchange cross section for x = 2.5 by averaging the cross sections for x = 2, 3. Error bars 
are not shown as we expect the ca]cuJated vaJues to represent order-of-magnjtude estimates only (see 
Sec. 3.1.5). For increasing current the density ratio appears either to approach an asymptote, or decrease 
foJlowing a maximum in the range rv 100- 200. 
The ratios fcJn:- 2.5/ faJn - are combined with Eq. (3.1 0) for electron densi ties using a beam ramus 
't rv 0.5 em as in Fig. 2.12, which appears constant across our current range. The resulting absolute 
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densi ties for fast His emergin g from the cathode are shown by the circular data points in Fig. 4.7. 
For currents in the range 5 - 25 rnA , fast ion densities exhibit a linear-like increase from 108 -
109 m - 3 . This is similar to the results obtained us ing the dusty plasma diagnostic in Ref. [ 18]. For 
currents in the range 5 - 25 rnA there is also an approximate proportionauty between intensity o f fas t 
Doppler peaks and the corresponding absolute ion densi ties (cf. Figs. 4.4 and 4.7). This is in agreement 
with the model of Ref. [14] , where a linear increase of energetic Doppler emission with current wouJd 
be attributed to a similarly linear increase in the flux of fast neulraJs emerging from the cathode. 
Finally, in combining the data ofFigs. 4.1 and 4.7, we calculate the dissociation fraction frast = lc1n~ 2.5/ ng 
of the background gas into fas t Hi5 emerging from the cathode (see Fig. 4.8). For currents greater than 
I 0 rnA, we find that frast rv 10- 6 however the current dependence is not clear. 
We note that when presenting the data of Figs. 4.7 and 4.8 in Ref. [21], we assumed an equal neutral 
and electron beam radius of 1 em. Here however the results have been scaled to account for beam radii 
0.5 em (within the cathode) as per the model of Sec. 3.2. I. From Eq.(3.11 ), halving the assumed beam 
radius will increase the caJculated values of frast and ni5 by a factor of 4. 
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voltage discharge. 
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Figure 4 .9: Voltage versus current curves measured in H2 (4 mTorr) and D 2 (6 mTorr) for the IEC 
operating in CW mode. 
4.2 CW mode: Spectroscopy, neutron counting and simulation 
This section is comprised of two subsections. The first details the measurement of He~ Doppler-and 
central-peak emission intensities for the cases of constant pressure and voltage for the IEC operating in 
CW mode. In the second, we measure neutron counts in D2, comparing them to predictions obtained 
from the measurements in hydrogen and demonstrating the validity of the optical diagnostic developed 
in Sec. 3.1.3. 
4.2.1 Measurement of central-and Doppler-peak intensities in H2 
Constant voltage 
We note first that for the CW mode with voltages 10 - 30 kV and currents 10 - 50 rnA, voltage is 
observed to rise as the logarithm of current as in Fig. 4.9. This is consistent with the original definition 
of the AHCD from Sec. 1.3. 
Keeping the cathode vol tage constant at - 30.0± 0.5 kV and wi th cathode currents in the range 1- 30 
rnA, we then recorded several H 0 spectra at an angle 8 = 30° to the emission channel. Cathode current 
was varied by adjusting hydrogen gas pressure in the range 4 - 6 m Torr, with the variation of pressure 
with current shown in Fig. 4.1 0. For this condition we carried out three trials, grouped by tbc three 
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Figure 4 .10: Pressure versus cathode current (cathode voltage - 30 kV). Hollow data points represent 
separate experimental runs in hydrogen, whereas solid points are for deuterium. 
shapes (squares, triangles and circles) of hollow data points in the figure. Each separate trial exhibits a 
rapid increase of current with pressure, and demonstrates the difficulty in replicating a particular set of 
plasma parameters in any two trials. 
We recorded fifteen spectra across the three trials jn hydrogen. For each spectrum the total accumula-
tion time was typically 30 seconds, summed over 7 - 15 shorter exposures. Our method does not require 
a constant exposure time and so this was adjusted to obtain the best signal~ for 20 - 30 kV at 20 - 30 
rnA a maximum accumulation time o f 30 seconds was appropriate as it proved difficult to maintain the 
discharge for longer than tbjs. Fig. 4 .11 shows a spectrum recorded at -30 kV and 27 rnA. 
The total intensity of Doppler red-shifted emission is clearly greater than for the blue-shifted wing, 
with the red peak also extending out to larger Doppler shift magnitudes, suggesting that fas t H(3s) at 
the imaged region (cf. Fig. 2 .3) travel primarily towards the anode wall. The central peak intensity is 
associated wi th the area under the Lorentzian fitted using a commercial software package (ORIGIN). The 
shaded part of the central peak corresponds to the region where ]6 -X] ;S 0.3 A, and corresponds to about 
30% of the total central peak intensity. For the central peak this is the region of interest as it corresponds 
to process (1. 10) where the product H(n = 3) have energies no more than about 1 eV. Following the 
procedure in Refs. (12, 15, 23 , 14, 21], intensities due to charge exchange processes are associated with 
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the area under Gaussians fit to energetic Doppler peaks . 
As explained in Sec. 3.1. J and in Ref. [21 ], we are concerned with the red-shifted peak ' fast Ht 5 , 
(the shaded Gaussian in Fig. 4.1 1) due to incident fast His of average mass 2.5 x mi-J. We have 
also labeJJed red-and blue-shifted peaks which may arise from a combination of Jower-energy (tens and 
hundreds of eV) secondary ions produced in reactions (1.5)-(1.7) as well as projectile excitation of fast 
H reflected at various angles offthe anode wall. We identify also a red-shifted peak for fast H+, however 
this peak was not always visible for the lower-current (noisier) spectra. 
Incident His are assumed to be approximately monoenergetic, their energies determined using Eq. 
(1.4) with the observed Doppler shift 6, ).. for a given peak maximum. For the constant voltage condition, 
the fast Hi 5 were found to have incident mean energy 51% of the applied cathode potential (s tandard 
deviation 5%), similar to the values found for the low voltage discharge in Sec. 4.1. It is also reminiscent 
ofthe ion energies inferred in Refs. (12, 15) featuring a 'three-ring' spherical grid ("-J 20 - 25%). 
Intensities for the central and fast H2.5 peaks at the anode were found to exhibit a linear-like increase 
with current over the 1 - 30 rnA range, however the ratio 1;1 ! 0 of Doppler-to central-peak emission 
showed no such systematic variation, with a mean of2.5 ± 0.7 (where we have defined the uncertainty 
as one standard deviation across the fifteen spectra). By equating the two RHS lines of Eq. (3. 11), 
the average ratio of densities for fast His (or equivalently, fast H2.s nuclei) at the cathode edge to fast 
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Figure 4.12: Dissociation fractions frASt measured for constant vo1tage (three sets of hollow data points 
corresponding to different experimental trials as in Fig. 4.1 0). and constant pressure (crosses, corre-
sponding to the same symbols in Fig. 4.9). 
electrons at the anode was 72 ± 17, however unlike the corresponding measurements for the low voltage 
discharge (cf. Fig. 4.6), here the ion-to-electron density ratio showed no c lear dependence on current, 
even at the bottom of the measured current range. This tends to suggest that the ratio does indeed 
remain unchanging (or at the very least, does not vary systematically with current) across most of the 
current range associated with beamed operation. We note also that the measured ratio is only 50% of 
the maximum recorded for the low voltage discharge (Fig. 4.6). We suspect this may be due to slight 
differences in the cathode geometries between the low voltage and CW modes; for these higher voltage 
measurements the cathode had twice the steel thickness of the earlier cathode. This may reduce the 
heating, secondary electron emission rates and thus ion densities within the cathode. 
Dissociation fractions frast. were calculated using Eq. (3.11) and are shown by the hollow data points 
in Fig. 4.12. These correspond to the three constant voltage ( - 30 kV) trials in Fig. 4.1 0, and suggest that 
frast increases from 5 - 30 x 10- 7 with current over the range 5 - 30 rnA. We note that values of frast are 
associated with an order of magnitude uncertainty due to the range of possible electron and neutral beam 
radii , with variations up to 50% between trials also demonstrating the difficulty in replicating particular 
experimental conditions. Densities for energetic Hi 5 at the cathode edge show a similarly linear-like 
dependence on current over this range, and are of order 10 14 m - 3 (see Fig. 4.13). 
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Figure 4.13: Densities of energetic Hi 5 at the cathode edge measured for constant voltage (correspond-
ing to the triangular data points in Figs. 4.10 and 4. 12. 
We note that when we presented this data in Ref. [ 47], we assumed separate e lectron and neutral 
beam radii of 0.75 and 0.35 em respectively (sec Eq . (9) of that paper), whereas the data of Fig. 4.13 
have been scaled to account for equal beam radji (0.5 em wi thin the cathode) as per the model of Sec. 
3.2.1. 
Constant pressure 
The measurements from Sec. 4.2.1 were repeated for a single trial of constant hydrogen gas pressure 
,..., 4 mTorr, with cathode voltage 15 - 25 kV and currents in the range 1 - 45 rnA. A plot of voltage 
versus current is shown by the cross data points in Fig. 4.9. We recorded seven spectra with exposure 
and accumu lation times typical of the constant voltage measurements. Here the fas t Hi 5 were found to 
have incident mean energy 49 ± 3% of the applied cathode potential, and as with the constant voJtage 
spectra the ratio 1~/ 1° takes a largely unchanging value of 2.6 ± 0.8 for the six spectra in the current 
range 10 - 30 rnA. The average ratio of densities for fast I-h.s nuclei at the cathode edge to fast electrons 
at the anode was 73 ± 20, except for the lowest current spectrum (5 rnA) which had a ratio of r-v 210. 
The dissociation fractions frast for the constant pressure condition are shown by the cross data points 
in Fig. 4 .12. We observe an increase from 2 6 x 10- 0 for currents 10 - 45 rnA, in fact for currents 
10 - 30 rnA the dissociation fractions for the constant pressure and voltage conditions arc in agreement 
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(-30 kV) in deuterium. Hollow data points show the va1ues predicted us ing Doppler spectroscopy in 
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to within about 50%. Corresponcling_ densities for energetic HI5 at the cathode edge increase in a similar 
fashion from 4 - 9 x J 014 m - J across the 10 - 45 rnA range. 
4.2.2 Measured and optically-determined neutron production rates in D2 
Following the procedure in Sec. 3.1.4, the solid data points in Fig. 4.14 show the total neutron production 
rates for the case of constant voltage ( - 30 kV) ln the experimental discharge of deuterium. which exhibit 
a linear-like increase from 1 - 4 x 104 s-1 for currents 10 - 30 rnA. The ho11ow points in the figure 
show vaJues of Rtot predicted using the H2 dis-sociation fractions obtained in Sec. 4.2.1. Similarly, the 
solid data points in Fig. 4.15 show the total measured neutron production rates for the case of constant 
pressure (6 rnTorr) in D2, with the H 2 predictions (see Sec. 4.2.1) represented by crosses. Here the 
current dependence is less linear, which is to be expected as the voltage (and thus deuteron energy and 
fusion cross section) varies with current. 
In both experimental conditions, the predicted and measured absolute rates agree to within an or-
der of magnitude, with predicted rates a]so capturing the current-dependence of the observed neutron 
production. The agreement between predicted and measured rates is best between 10 - 20 rnA for the 
constant voltage data, and between 15 - 40 rnA for constant pressure. For the case of constant pressure~ 
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Figure 4.15: Solid data points represent measured neutron counts for the conditions of constant pres-
sure (6 mTorr) in deuterium. Hollow data points show values predjcted using Doppler spectroscopy in 
hydrogen. 
the divergence at lower currents (which is no more than about 50%) may correlate to a change of the 
discharge mode from an abnormal to norma] hollow cathode discharge as current decreases (cf. Fig. 
4.9). Similar divergence for the case of constant pressure and Jarger currents (and also, between separate 
trials of constant voJtage) correlates to increased arcing and larger intensity variations at the upper end 
of our current range. 
The good agreement between predicted and observed neutron production rates in the 10 - 40 mA 
current range appears to support our present modeJ of the abnormal hollow cathode discharge, where the 
majority of fast nuclei are neutral particles emerging from the cathode apertures. Nevertheless, in the 
foJlowing subsection dealing with numerical modeling of the CW discharge, the calculation ofEq. (3.13) 
is superseded by considering the contribution of energetic neutrals and ions (moving either towards or 
away from the cathode). 
4.2.3 Numerically simulated potentials, Doppler spectra and neutron production rate for 
the CW mode 
In the following subsections we discuss several aspects of the numerical simulation of the CW mode, 
including representative potential profiles. energies and mass fluxes for the modeled species (Sec. 4.2.3) 
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We assume a cathode voltage -30 kV and hydrogen gas pressure 5 mTorr. 
simulated energetic Doppler spectra (Sec. 4.2.3), as well as djscussion of the ro le of electrons in central 
peak emission (Sec. 4.2.3) and estimates for the absolute neutron production rate (Sec. 4.2.3). 
Electric potential, energies and mass fluxes 
The experimental fast ion densities of Fig. 4.13 vary from 0.9- 3.0 x 1014 m - 3 in the vicinity of the 
cathode edge in the tens of rnA current range. As the spectroscopic diagnostic method is associated with 
an order of magnitude error it is instructive to calculate electric potential for values between 1 x 1013 m - 3 
and 3 x 1015 m - 3 . 
Fig. 4.16 shows four solutions of V with subsequent densities increasing by a factor of 5. The 
solid curve shows the potential for fast ion densities at the bottom of this range and consists of linear 
like variation in the interelectrode space, with a region of zero field (flat potential) within the cathode 
approaching the Laplace solution. This is in stark contrast to the dotted curve corresponding to the upper 
limit of converging density values (2.5 x 1015 m - 3), which shows a markedly non-linear potential. in the 
interelectrode region and a virtual anode of height 22% of the applied potentiaL These results .support the 
observation (using Langmuir probe [ 15]) and inference (from dusty plasma experiments [ 18]) of vjrtua l 
anodes within the cathode center of similar electrode arrangements, but suggest also that this effect may 
become Jess prominent with decreasing charge density. 
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Figure 4.1.7: Average energies for right-going neutrals (solid curve) and ions (dashed) versus distance 
from the left anode waJJ. 
Figure 4.17 shows the average energies for right-going neutral H2 (solid curve) and Ht (dashed 
curve) particJes as a function of position, corresponding to the dotted potential V .in Fig. 4.16. Neutrals 
typicaJly have larger average energies than their parent ions; this is because energetic ions are more 
likely to undergo charge exchange and so the neutral distributions are skewed towards higher energies. 
Ion energies are largest in the vic1nity of the cathode apertures, but are otherwise symmetric about the 
cathode center. In contrast, energies for right-going neutrals are highly asymmetric about the cathode 
center - increasing away from the left anode wall, reaching a maximum in the vicinity of the right cathode 
aperture and decreasing only slightly beyond this (as the slower ions there produce slower neutrals). 
The products mnv of mass, density and average velocity (mass fluxes) for right-going neutrals and 
ions are shown in Fig. 4.18. Where the mass flux for ions is approximately symmetric about the cathode 
(that is, approximateJy equa1 for right-going and left-going ions at any point along the beam), for right-
going neutrals the mass flux is a minimum at the left anode waJl and grows to a maxjmum value within 
the cathode region. 
Figures 4.17 and 4.18 suggest that most energetic neutrals are indeed produced within the cathode 
region. In fact) the mass flux in the beams is almost entirely dominated by energetic neutral spedes 
diverging from the cathode. Both of these results are in agreement with the AHC modeL We note 
however that neutrals of up to 60% of the maximum energy are produced in the intereJectrode region 
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Figure 4.18: Mass fluxes for right-going neutrals (solid curve) and ions (dashed) versus distance from 
the left anode wall. 
as their parent ions approach the cathode. This suggests that some significant f-raction of energetic 
neutrals are produced within the cathode not because the majority of ions are accelerating away from 
a virtual anode at the center) but because ions accelerating towards the center are most energetic there. 
This aspect of the solution is consistent with the conventional picture of a •convergent ion focus,' and 
is repeated even for lower current solutions where a virtual anode is not visible. Figure 4.17 suggests a 
smaJJ ("" 10%) increase in average fast neutral energies between the cathode center and cathode aperture. 
Our calculations were not able to replicate the nearly 100% increase exhibited in Ref. [ 15], however these 
were measured for a system featuring a gridded (two-ring) cathode and using an external ion source, so 
our theoretical picture may not be directly analogous. 
The energy distribution function for electrons with energy I<i,j in segment j in the beam is, 
fi~ = Di,jl L D?,JI ( 4.1) 
• 
1 
and in Fig. 4.19 we plot the energy djstribution function for right-going electrons at the rightmost anode 
wall. The calculated distribution does not support the assumption of highly monoenergetic electron 
beams as inferred for a lower energy discharge [ 1 3 ], nevertheless electron energies at the anode wall are 
peaked towards the fulJ applied potential and so in a later section we will consider the role of energetic 
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electrons in producing H 0 emission. 
Simulation of energetic Doppler emission 
Here we u se the numerical solutions of Sec. 4.2.3 to simulate energetic HI") Doppler spectra from fast 
H atoms produced in the excited 3s stale in the process {1.6) as described in Sec. 3.2. 1. Figure 4.20 
shows the energetic Doppler components at () = 31° to four points along the beam corresponding to 
the solution in Figs. 4.1 8 and 4.19. These are the cathode center, the right cathode aperture, half-way 
between tl1e aperture and anode, and the right anode walL The computed spectra have been normalized to 
the maximum intensity and sm oothed using a 5-point averaging me thod. N ote that the unshifted (central 
peak) emission has not been modeled. 
The spectrum at the cathode center is symmetric, which we expect from Figs. 4.17 and 4.18 as 
the cathode center features equal populations of left-and right-going ions with equaJ average energies. 
For this spectrum the centers of tile Gaussian-like, bJue and red shifted Doppler peaks have the same 
intensity and Doppler shift magnitude. M oving away from the center towards the right anode wall , the 
blue shifted peak moves cJoser towards the unshifted position, and its intens ity decreases relative to the 
red-shifted peak, ultimately decreasing at the wall. This is cons istent with the expectation that both 
densities and energies of left-going ions decrease towards the right anode. On the red shifted side, the 
75 
-(/) 
-·-c 
::J 
• 
.D 
'-
ro 
->. 
-·-(/) 
c 
Q) 
-c 
-
1.0 
0.8 
0 .. 6 
-- Center 
··-···· Aperture 
· -- Half-way 
······ Anode 
., 
• • • , . 
•• 
• • 
• 
. ' 
• • 
I ,, t 
f . • ..... 
, . '. 
I t I o 
• i •' 
• • • •• 
• , tl 
•' t I 
• • 
. - ' , 
I ' ' I 
• • •• .. 
I ' 
•• • • 
• • • 
. ' . 
' i ! 
0.4 1------- • 
• 
• 
• ' ' I 
' ' I o I 
. 
. ' ' 
0.2 
0 .0 
• 
--····-··--------· -
• 
' , 
' ' ' . 
' I I I 
• • • • • • 
• ~ j • lro.. . . .. ... • 
• ~· . 
I 
,. '"· t ; 
-·-- , ... . 
--·----·- ,. ' , ----·-- .,. . . . '· ' ·----~· . ; 
~. . ... 
• 
• 
•• 
• • 
• • 
' . 
• • 
. ' . 
• • 
' ·. 
• • 
• I ~ \ 
• 
. '· 
4-- ---------------
. - --- -
• . 
. 
. 
L-~~~-~--~--~--~-~~~~--L-~~ 
-60 -40 -20 0 20 40 60 
Doppler shift (A) 
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wall. 
peak position stays relatively constant at a large value (16 ± 2 A), similar to an experimentaJly observed 
peak at ro.J 20 A for the combined Ht and H~ emission (cf. Fig. 6 in R ef. [47]). Our calculations do not 
predict the blue shifted peaks of the experimental data, however this is likely because our model does not 
include reflection of energetic neutrals from the anode, which was the suspected cause of those peaks. 
The simulations agree wi.th some of the findings of Shrier et a/. [24] in that Doppler shift emission is 
dominated by diverging neutrals in the beam. We note that similar behavior is predicted even for the case 
of lower currents where the potential profile contains no virtual anode. 
Central peak emission 
For the first time, the solutions of Fig. 4.17 and 4.18 allow us to quantify the role of electrons in the 
central peak emission. For a similar discharge in Ref. (1 3], the central Lorentzian peak was found to 
arise primarily due to dissociative excitation of target gas molecules by electrons, 
e- + H2 ~ e- + H2 ~ e- + H(l s) + H(n = 3). (4.2) 
with a steady-state volumetric production rate (for segment j ) equal to n - nga0 v- (with a0 the cross 
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section for electron excitation as given in Ref. [40]). This was in part due to a wealth of literature as-
cribing the centra] peak to electron excitation in similarly energetk, parallel-plate and hollow cathode 
discharges for pressures ofO.l - 1 Torr in H2 as described in Sec. 1.2.1. A problem with this explanation 
was that the rapid decrease of central peak intensity immediately outside the cathode did not conform to 
collisional-radiative (CR) modeling of the electron excitation process for monoenergetic electrons, but 
this was thought to arise due to the experimental EEDF being something other than perfectly monoener-
getic. The assumption of a primarily electron-induced central peak thus infonned the optical diagnostic 
of Ref. [21). 
Given the prevalence here of energetic neutral H2 in the emission channels, we may now analyze the 
possibili ty that the centraJ peak may also be due to excitation of the gas by fast H2. For this process the 
production rate (per unit volume) is n*nga Tv* (where the cross sections aT for excitation of target H2 
by energetic neutral H2 of density n• were taken from WiJHams eta/. (48]). 
Using the calculated densities and velocities for both left-and right-going electrons and fast H2, 
their relative contributions to central peak em ission intensity (arbitrary units) as a function of distance 
from the cathode edge are shown in Fig. 4.21. Whereas the electron induced emission (dotted curve) 
increases from 0 - 2 em before falling away again, the neutral induced emission (solid curve) shows 
an exponential-like decrease across the entire range of distances. Whereas the electron excitation drops 
from its maximum by only,..., 50% over the first 8 em, the decrease in neutral excitation (90%) is more in 
line with the 80% drop observed in experiment (cf. Fig. 7 of Ref. [13]). Finally, from the figu re we see 
that electrons contribute as little as 1% of central peak emission near the cathode edge, up to a maximum 
of rv 10% near the anode walL This suggests that the central peak is primarily due to neutral excitation, 
as opposed to electron excitation as is the case for less energetic bolJow cathode discharges operating at 
higher pressures (0.1 - 1) Torr [9]. 
ln applying the optical diagnostic of Sec. 3.1.3 we must therefore take care to measure the electron 
excitation as a value"' 10% of the totaJ central peak intensity. We note that the data of figs. 4.12-4.15 
already incorporate a similar correction as only 30% of the totaJ central peak emission had been attributed 
to electrons. 
Neutron production rates in deuterium 
We can estimate the contribution of both left-and right-going Dt and fast neutral D2 to the volumetric 
neutron production rate Rj01 in segment j by the beam-background reaction ( 1. 1) in a discharge of 
deuterium which has the same pressure, cathode current and voltage as for a modeled discharge of 
hydrogen. For any given fast species we have, 
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R vot = n ·ng(xa~-0)v · J J J J) (4 .3) 
where n1 is the absolute number density of fas t nuclei in segment j (of mass x times that of a single 
deuteron, and velocity Vj)- We can thus obtain the to tal neutron production rate for this species in any 
given segm ent by taking the product of Rj01 with the segment volume. 
F igure 4.22 shows simulated (circles) and experimental neutron production rates (squares) as a func-
tion of cathode current for the case of constant voJtage -30 kV and pressure ( r-..; 5 mTorr) in D 2). Note tha t 
in the AHC model the particle densities increase approximately linearly with cathode current and so we 
estimate the cathode currents for various simulated fas t ion densities using the raw experimental data of 
Fig. 4.1 3. The variation of simulated neutron production rates agrees well with the experimental values, 
suggesting that beam-background reactions do indeed dominate for the present plasma parameters. 
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4.3 Pulsed IEC: Experiments and simulation 
4.3.1 Measurement of voltage-current-pressure relations for the pulsed discharge 
Figure 4.23 shows measured curves of peak voltage (25 - 35 kV) versus peak current (1 - 7 A) for 
pulsed discharges of pressure 17 - 130 mTorr in H2. The data suggest that for each different pressure, 
voltage increases proportional to the logarithm of current. We note that this same logarithmic relationship 
was associated with the CW mode. Jn conjunction with the visual confirmation of collimated emission 
channels for the pulsed system (see Fig. 2.9), the recorded V-I curves are highly suggestive of similar 
kinetics. 
We observe current to increase with pressure for any given voltage, and the data of Fig. 4.24 (cor-
responding to the Doppler measurements in H2 in the next subsection) clearly show that current asymp-
totes towards some saturation value (rv 7.5 A) which may indicate the existence of an upper boundary 
of current for any given voltage. This has important implications for the current-dependence off given 
constant voltage and thus the extrapolation for values of peak fra.st· 
In Fig. 4.25 we once again present the values for frast at the cathode edge, measured for constant 
voltage -30 kY in the CW mode and corresponding to the hollow data points from Fig. 4.12. This 
time however, we portray possible extrapolations of the fast fraction to larger currents. These allow 
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Figure 4.23: Curves of peak voltage versus peak current for the puJsed discharge at different pressures in 
H2. Errors in experimental values are expected to be no larger than 10% 
estimates for the peak fast ion density n+(J) = j(I)ng( I ) at the cathode aperture as a functi on of the 
peak cathode current I and the gas density ng, and are used as input for the numerica l simulation. From 
the CW measurements we gleaned that frast was proportional to the logarithm of current (dashed line 
in the figure). or equivalently that I ex P x exp(f). As current approaches its saturation value J sat 
however, pressure is observed to increase like P ex 1/(Jsa.t - J). For Fig. 4.25 we thus suggest that a 
more appropriate extrapolation is f ex log[I (J 5at - J )]. This is shown by the solid curve in the figure, 
which exhibits a maximum in the units of Amps range before decreasing again. 
In Fig. 4.26 we plot measured time constants as a function of current for approximately constant 
cathode voltage (33 ± 1 kV) in the deuterium discharge. The solid symbols are for the peak part of the 
pulse Tpcak and remain constant at about 20 ± 10 J.LS for currents above l A. In contrast, time constants 
for the lower energy trail-off Ttra.it (hollow symbols) peak at around 2 ± 1 ms and decrease to 30 - 50% 
of this value as current grows from 1 - 2.5 A. As the time constants are related to the plasma resistance 
Rand charging capacitance C through T = RC, we infer that the current for the slow part of the pulse 
is plasma-limited, however the same is not necessarily true for the peak part of the pulse and so beamed 
operation with higher peak currents may be possible, given larger peak voJtages. 
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Figure 4.24: H2 gas pressure versus cathode current for the -30 kV Doppler measurements of Sec. 4.3.2 
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the neutron counting experiments in D2. 
4.3.2 Doppler spectroscopy measurements 
Constant Voltage 
Keeping the peak voltage relatively constant at - 32 .1 1 kV and with peak currents in the range 1 - 7 
A (for pressures given in Fig. 4.26), we recorded 10 Ha spectra at an angle () = 31° to the beam at 
the anode, and a single spectrum at () = 40° to the beam exiting the cathode. Figure 4.27 compares the 
(solid) lineshapc at the cathode aperture to the (dotted) spectrum at the anode wall , both measured for 
pressure 70 ± 5 mTorr and with a current peak 6.0 ± 0.5 A. 
The asymmetry of these spectra is consistent with measurements of the low voltage and CW modes 
where Doppler emission was dominated by diverging neutrals. That is, for the anode spectrum the red-
shifted emission is more intense and extends out to larger Doppler shift magnitudes - suggesting the 
trajectory for fast H(3s) is away from the detector (towards the waH). Conversely, at the cathode the 
blue shifted emission dominates, as it should for a mass flux moving primarily away from the cathode 
aperture (toward the detector). As with the steady-state measurements, both central and Doppler peak 
intensities increase with cathode current, however due to noise the exact relationship was not clear; the 
ratio of Doppler to central peak intensities is of order 1 across the range of currents. 
We used the commercial software package ORJGIN to identify peak positions of energetic Doppler 
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Figure 4.27: H 0 spectra measured at the anode wall (dotted) and cathode aperture (solid) for a voltage 
of - 32 ± 1 kV and current "' 6 A. 
Gaussians for the spectum recorded at the wall. As with our earl ier spectroscopy on the steady-s tate 
disch arges, we are concerned with the combined red-shifted peak aris ing from Ht and Hi , which we 
treat as arising due to incident ions of average mass 2.5 x ffiH. For this peak the average Doppler shift 
was 10 ± 1 A and using Eq. (1.4) this yields incident ion energies of just 12 ± 2% of the applied cathode 
potential. This is signifi cantly smaller than the ratios f'V 50% observed for the steady-state discharges. 
From Fig. 4.25, we suspect this is because most of the capacitor charge is expended during the Jower 
voJtage part of the pulse (over 0.1 - 10 ms timesca les) where current and voltage are both smaJJer than 
50% of their peak value. 
Magnetic deflection 
The e lectron beam in the pulsed H2 discharge was defl ected by a l 0 mT magnetic fi eld as described in 
Sec. 2.5, allowing comparison of typical H 0 spectra with those with a lessened contribution of electron 
excitation in the anode wall region. 
ln the presence of the I 0 mT field, we observed electrons fluorescing the surface at two regions in the 
chamber - the anode wall as in the undeft ected case, as well as a region of similar area on the chamber 
floor. This suggests that electrons with energies of order the applied potential were largely undeftected 
by the field, with lower energy electrons confined by the fringing fi eld Jjnes of the magnet. As the cross 
83 
1.00 ..---r---r---.---r--...,....---r----.--.,-----.---r- ---.---., 
OmT 
-·- 10 mT 
I 1\ 
0.75 
-en 
-·-c 
::J 
. 
.D 
~ 
ro 0.50 1-
-
I v \ ' 
>-
..... 
·-en I I ·•· 
c 
Q) 
..... 
c 
-
0.25 
0.00 b. 0 • < 4 ( · ~· • ." I 1 I 1 I 1 1 ';J ":,..j 
-30 -20 -10 0 10 20 30 
Doppler Shift (A) 
Figure 4.28: H 0 spectra measured for the neutral beam at the anode wall in the cases of zero deflection 
of the electron beam (solid) and electron beam deflection by a I 0 mT field (dotted). 
sections for e lectron dissociative excitation drop exponentially with increasing projectile energy l40), we 
thus expect that we have removed the primary source of electron excitation of atomic H(n = 3) in the 
energetic beams. 
Figure 4.28 shows two spectra measured for a peak cathode voltage -30 kV, peak current 2 A and a 
pressure about 50 mTorr in H 2 . The solid and dotted lineshapes are for emission channels in the non-
deflected, and the deflected cases respectively. We calculate a decrease in the central peak intensity (area) 
of only ,....., 10% between the non-deflected and deflected cases, a difference which is about the same as 
the estimated experimental error for our apparatus. This result supports the calculations of Sec. 4.2.3 
suggesting that for these plasma parameters, the electron component to central peak emission is of order 
10% at the anode waJJ. Moreover we observe no visual excitation of the gas by deflected electrons. 
4.3.3 Experimental neutron production in D2 
The solid data points in Fig. 4.29 show the total number Npulse of neutrons produced per pulse for 
voltages (32 ± 1 kV) at pressures 10 - 60 mTorr in deuterium. Unlike the results for the CW mode, 
which demonstrated a linear-like increase in steady-state production rates for cathode current 10 - 30 
rnA, here we observe a peak in production around 1.5 A (37 mTorr ), with the signal dropping to noise 
level for currents less than 750 rnA or larger than about 2 A. The experimental uncertainty for these 
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Figure 4.29: Experimental (solid) and simulated (hollow) values of neutrons per pulse for voltage 32 ± 1 
kV in deuterium. 
measurements is Jarge as the total number of neutrons produced per pulse (1 - 3 x 103) equates to just 
1 - 10 neutron counts over 100 - 200 pulses. The hollow data points represent numerically simulated 
values and are discussed in Sec 4.3.4 . 
4.3.4 Numerical simulations of the pulsed discharge 
Simulated Doppler spectra 
We simulate the observed Doppler shifts of Fig. 4.27 for a spectrum at the cathode aperture using the 
method of Sec. 3.2.4. Numerical solutions achieved convergence for experimentaUy-relevant parameters 
of pressure (65 mTorr), peak voltage and current ( -32 kV and 7 A respectively), pulse decay time con-
stants similar to those in Fig. 4.26 and an estimated beam spread of 20° outside the cathode apertures. 
Fig. 4.30 shows the simuJated lineshape at time t given accumulations beginning from t = 3 J.tS. Out-
put is smoothed using a 5-point averaging method, and clearly demonstrates that the peak Doppler shift 
magnitudes can indeed decrease over time. For the peak part of the pulse (t ;S 100 JlS) we have energetic 
Doppler emission out to 20 - 25 A on the blue shifted side oftbe spectn.un. During the lower energy part 
of the pulse however, this energetic emission is orders of magnitude less intense than for lower energy 
emission with Doppler shifts 6 .-X < 15 A. Our simulation thus suggests that for experimental spectra 
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Figure 4.30: Simulated accumulation of Doppler H a: emission at different times t during a -32 kV, 7 A 
pulse. 
accumulated over the entire timescale of a pulse, the most hjghly energetic Doppler emission is lost to 
• 
nOJse. 
We note that these parameters are on the boundary between converging and non-converging numer-
ical solutions; in choosing the initiaJ value for f only the current-limited extrapolation (solid curve in 
Fig. 4.25) provides a stable potential Even then, convergence was obtained only by assuming a slightly 
larger beam radius (0.75 em rather than 0.5 em), whjcb reduces the extrapolated peak value off as the 
optically detennined dissociation fraction scales as 1 j1·2. We also had to re lax the convergence criterion 
' 
of Sec. 3.2.1 even further, applying the criterion within the cathode only. And so, while our s imulation 
can model the observed reduction in neutraJ energies between the pulsed and steady-state cases, these 
experimental parameters would seem to represent the extreme upper limit of particle densities (given our 
electrode geometry) for which the method of Sec. 3.2.1 can provide a steady state solution. 
Two addjtional points of interest are that the s imulated Doppler accumulations of Fig. 4.30 do not 
replicate the strong asymmetry of the measured aperture spectrum in Fig. 4.28, and also that the simu-
lated intensity drop between the aperture and the anode wall is about an order of magnitude larger than 
that observed experimentally. As our numerical method replicates the steady-state Doppler emission 
quite well, the discrepancy here suggests that Doppler emission for the pulsed discharge (which fea-
tures lower energy neutral atoms and molecules for the majority of the pulse duration) may actually be 
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excitation due to charge exchange only. Spectra are calculated for the cathode aperture (solid lineshape) 
and the anode wall (dotted). 
dominated by some process other than charge exchange. 
One such process is (re)excitation of ground state, fast neutral H upon impact with the background 
gas, 
H* (ls) + H2 H~ (3s) + H2 ) (4.4) 
which is distinct to both charge exchange, and fast neutral exdtation of the slow gas molecule. ln fact for 
projectile energies in the units and tens of ke V range, the cross sections. for this process are comparable 
to those for the equjvalent emissive branch of Ht charge exchange (42]. We anticjpate that this may 
contribute significantly to the observed Doppler emission for lower energy neutra.ls far from the cathode, 
as projectile excitation does not undergo the same exponential decay of emjssion intensity in space. 
We demonstrate the relevance of this process by comparing simulated Doppler spectra near the cath-
ode edge (solid lineshape) and anode wall (dotted) in the case of excitation by charge exchange only 
(Fig. 4 .3 1) and excitation due to both charge exchange and projectile excitation (Fig. 4.32). The latter 
fi gure bears a qualitatively c loser resemblance to the experimental spectra of Fig. 4.27, repbcating both 
the asymmetry and in tens] ties of the observed Doppler peaks. 
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Simulated neutron production 
The simulated values of Npulse are shown by the hollow symbols in Fig. 4 .29. These typically differ 
from the experimental values by less than an order of magnitude, giving experimental confirmation for 
tbe existence of energetic nuclei ("' 15 ke V) in the beam and demonstrating that the peak part of the 
puJse is highly analogous to the steady~state system operating at lower currents. In some sense this also 
lends support to the conclusion of tbe previous section - that discrepancies between the experimental and 
simulated pulsed Doppler spectra are most likely due not to incorrect calculation of neutral densities or 
energies, but rather due to contribution from an unexpected excitation process for projectile H. 
We note that the simulated values of Npulse also exhibit a peak in the production rate (albeit Jess 
pronounced and occuring for a higher current), however interpretation of this is confounded in that the 
experimental measurements of pressure did not increase monotonically with peak current. We suspect 
this was due to incorrect pressure readings arising from occasional cathode arcing and thus temporary 
heating of the gas. Despite these difficulties, the qualitative similarity between experimental and simu-
lated results is consistent with the idea that f may plateau for some value of cathode current, and then 
decrease with increasing current and pressure. 
These results allow us to make some estimate about the relative effi ciency of t he pulsed system, where 
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• 
we define the efficiency of neutron production ~ (units J - l ) as the total number of neutrons produced 
per total energy input. For the steady-state system this is just E = Ntot. / VI. where Ntot is the absolute 
neutron production rate (s- 1) with V and I the steady state cathode voltage and current. For the CW 
mode we have N rv 3 x 104 s- 1 for -30 kV and 25 rnA, yielding~ = 40 J- 1 . For the pulsed system we 
must integrate over changing values of current and voltage, 
~pulse = Npulse 
r ,.. r ,l . ' .... , \ • t • 1 
(4.5) 
which for the voltage traces of Fig. 2.10 suggests a value ~pu lse rv 30 J- 1, similar to the steady state 
case. According to simulatjon however, the pulsed discharge can provjde instantaneous production rates 
up to 107 s - 1, which are 1000 times larger than the steady-state value. 
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Chapter 5 
Conclusions and future work 
In this work the author considered two alternate and seemingly opposed models for the cylindrically-
symmetric lnertial E lectrostatic Confinement (JEC) device operating in the gaseous discharge mode for 
tens of kV cathode voltages and units and tens of mTorr gas pressures. In the conventional picture, 
the discharge is dominated by energetic ions which are produced in the interelectrode region by fast 
electrons, and undergo charge exchange as they accelerate towards the inner electrode (the cathode). In 
the alternate model, deemed the Abnonn al Hollow Cathode (AHC) discharge, mass ·fl ux in the discharge 
is thought to be dominated by energetic neutrals emerging from the cylindrical cathode apertures and 
arising from charge exchanging ions which are produced primarily within the cathode center and undergo 
charge exchange as they accelerate away from a virtual anode which is fanned there. That is, the AHC 
model challenges the assumption that there is any significant ion confi nement in the system. 
Using the AHC model we developed an optical diagnostic for fast ion densities emerging from the 
cath0de apertures of a cylindrically symmetric, steady-state IEC discharge in H2 for cathode voltages 
of units and tens of kV and units and tens of mTorr pressures. Tbjs diagnostic is novel in the sense 
that it aJJows measurement of absolute densities (as opposed to relative densities) of fast ions using a 
single spectrum of H0 . Applying this diagnostic to a steady-state hydrogen discharge under conditions 
of constant voltage ( -30 kV) and pressure ("" 5 mTorr) with 10 - 50 rnA currents , we were able to 
make predictions for the neutron production rates for analogous discharges of deuterium. Predictions 
capture the variation of experimental fusion rates with DC current in the range 10 - 50 rnA and agree 
with measured values to within an order of magnitude, suggesting that the energetic component of the 
discharge may indeed be treated as being dominated by energetic neutrals of energy I"'J 50% the applied 
cathode potential as in the ARC model. It is also interesting to note that this work represents the first 
contro1led nuclear fusion experiments carried out at the School of Physics. 
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The spectroscopically determined fast ion densities were used as inputs for our semi-analytic simu-
lation of the hydrogen discharge, based on matrix representations of the coupled electron ionization and 
ion charge exchange processes. We thus calculated electrostatic potential, Doppler spectra and average 
particle energies and densities along the beam axis for the steady-state discharge in H2. Calculated po-
tential profiles support the existence of a virtual anode as in the AHC model, moreover simulated mass 
fluxes are dominated by diverging neutrals and simulated Doppler spectra reconstruct many of the asym-
metries observed in our steady state experiments, as well as in the earlier work of Shrier eta/. [14]. 
Perhaps a more surprising outcome of our simulations is that the virtual anode, divergent neutral fluxes 
and Doppler spectra may all occur in conjunction with mass fluxes for inflowing and outgoing ions which 
are approximately equal. Also, the simulated Doppler asymmetries far from the cathode do not appear 
to be highly contingent on a virtual anode being present. 
It is a contribution of this work, therefore, that we suggest the necessity for a hybrid of the two present 
models. In the new picture, mass flux in the beam is indeed dominated by energetic neutrals produced 
within and emerging from the cathode apertures, but this is primarily a result of ions undergoing charge 
exchange as they accelerate towards and through the cathode center where they are most energetic. 
It is doubtful that there is any significant confinement of energetic ions due to the units of em mean 
free path for charge exchange, but certainly the population of ions which are converging towards the 
cathode is at least as significant as those that are accelerating away from it. Across the studied range 
of steady state plasma parameters, a virtual anode seems to be an inevitable consequence of slow ions 
being produced by charge exchange of fast ions within the cathode. However, it is also possible that 
the height of this virtual anode is largely just a reflection of the charge density in the system, rather than 
determining the trajectories of energetic neutrals. Given that our numerical simulations neglected surface 
interactions, the presence of a virtual anode in the simulation results suggests electron ionization of gas 
in the interelectrode region may be as important to the final potential profiles as any surface interactions 
occurring within the cathode. Future modeling of steady state IEC might aim to relate such surface 
interactions to the energetic electron beams which we claim are responsible for sustaining the gaseous 
discharge. 
Constructing a pulsed power supply, we applied Doppler spectroscopy to a pulsed IEC discharge for 
the first time. We demonstrate that the pulsed system may operate in a beamed mode as for the steady-
state discharge, featuring a logarithmic dependence of peak voltage on peak current with asymmetries in 
the Doppler spectrum suggesting the discharge is dominated by diverging neutrals. These observations 
are all highly indicative that similar physics takes place for both the steady state and pulsed regimes. With 
our cylindrical cathode operating at a constant voltage of -30 kV, increasing the hydrogen gas pressure 
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in the range 20 - 200 mTorr reveals a maximum possible peak current of order 7.5 A for the pulsed 
beamed mode. Future work may aim to measure peak voltage-current curves for even larger voltages 
and currents, and determine how the inferred current limit may depend on cathode voltage and geometry. 
Comparing neutron production output with energy input between the steady state and pulsed systems, we 
also suggest that for the present electrode geometry and a cathode voltage of -30 kV, the pulsed discharge 
is no more efficient than the steady state system. Given however that each pulse lasts only ~ 10 ms we 
could theoretically sustain up to 100 pulses per second (ignoring the charging time for a single capacitor), 
which would improve upon the steady-state, per-second production rate without any cost in efficiency. 
We anticipate that future researchers may wish to examine the Doppler spectra for the emission chan-
nels in pulsed IEC devices operating at higher peak voltages and currents in order to infer the trajectories, 
energies and densities of fast neutrals. This presents a challenge for practical spectroscopy in that, while 
suitably energetic neutrals are produced during the peak part of the pulse, it is possible they can only 
be observed for Ha exposures over tens of microsecond timescales. Aside from using a spectrometer 
capable of such short exposures, another option is to measure the time-variation of accumulated intensity 
at a given wavelength by coupling the output of a photomultiplier with a fast integrator circuit. Future 
spectroscopic studies may employ one of these approaches. Our results also suggest we can make an 
order of magnitude prediction for fusion rates in the pulsed system by applying our optical diagnostic 
to a lower current steady state system operating at the same voltage, and where we have some estimate 
for the associated current limit. Surprisingly the beam radius bas no bearing on the prediction for fu-
sion rates, however uncertainty in this value will dominate the uncertainty in measurements for absolute 
fast ion densities and dissociation fraction into fast nuclei, !fast· On a related note, we expect that this 
diagnostic may also have application towards calculating the thrust produced for a similar electrode ge-
ometry configured as a thruster [ 17). Comparing optically-determined thrust values with those obtained 
through other means (for example, measuring the force applied to a torsional plate) may yield additional 
information about the applicability of the underlying plasma model. 
This work may have also cast new light on the originating-processes leading to the observed Ha 
spectra. We suggest that for Doppler shifted emission in the pulsed system, projectile (re)excitation of 
fast atomic H may be as important an excitation process as the initial excitation due to charge exchanging 
ions. As the cross section for projectile excitation decreases with increasing energy, this process may also 
render a significant contribution to the lower energy ( < 5 ke V) Doppler peaks we observe in a steady 
state system. 
It is of interest to note that our modeling was not able to replicate the apparent acceleration (from 
rest) of charge-exchanging ions away from the cathode center as in Ref. [15). For our simulations the 
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mass flux (and thus Doppler peak intensities) do indeed increase by as much as 30% across the cathode 
region, however the mean energy increase for ions away from the cathode center is only of order 10%. 
We suggest that this isn't necessarily a contradiction, and that future simulations of the Doppler spectrum 
may be able to show this by including (for example) additional ion species and excitation processes. 
In combination with a magnetic deflection experiment, our numerical simulation also yields one 
final surprise, which is that central peak emission in the interelectrode beams is dominated by excitation 
of the gas not by electrons, but rather by fast neutrals. This implies a small correction to our optical 
diagnostic, as the electron contribution to the total central peak intensity may be as low as 10% for the 
steady state system. We anticipate that future magnetic deflection experiments may be able to confirm the 
contribution offast electrons to the central peak emission as a function of plasma parameters like pressure 
and cathode voltage, as well as distance along the beam. If the central peak does indeed originate due 
to fast neutrals more than electrons, it would act to differentiate IEC even further from the traditional 
hollow cathode effect. 
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Appendix 
In this brief Appendix we show how we derive Eq. (3.7) in Sec. 3.1.3. We begin with Eq. (3.6), 
[a]J; _ [cln~A3,~2p X exp( -A3H2Pt'"p) 
[a]JO - l•Jn0(0.16A3H2p + 0.44A3p~2' + 0.40A3d~2p), 
which relates the intensity ratio of Doppler and central peak emission (l•IJ;/ l•IJ0) at the anode to the 
density of slow H(n = 3) at the anode (l•ln°) and the density of fast H(3s) at the cathode (l'ln~). We 
may obtain an expression for lcln~(3s) by rearranging the steady-state form of Eq. (3.1) for Doppler 
emission, 
\cln+ngkx(3s) [c]n~(3s) = (A x + kQ(3s)ng)' 
3s-+2p 
(A-I) 
where the only optically allowed de-excitation transition is from H(3s) to H(2p). For central peak emis-
sion, the steady-state form ofEq. (3.2) considers each sublevel (n, l), 
allowed 
k 0 (n, l)n-ng = L A(n,l)~(n',l')n°(n, l), 
(n',l')<(n,l) 
(A-2) 
and so the aim is to express the RHS in terms of the total density n°(n = 3) of slow atomic H with 
principal quantum number n = 3. According to Ref. [ 41] the branching ratios for electronic excitation 
of ground state H into the 3s, 3p and 3d levels are 0.16, 0.44 and 0.40 respectively. Eq. (A-2) can thus 
be rewritten, 
k 0 (n,l)n-ng = [O.l6A3,~2p + 0.44(A3p~2' + A3p~1,) + 0.40A3d~2p] X n°(n = 3), 
with the understanding that the optically allowed de-excitation transitions from n = 3 are now 3s to 2p, 
3p to 2s, 3d to 2p and 2p to 1s. And so our expression for l•ln°(n = 3) is given by, 
[a] o _ k0 (n, l) l•ln-ng 
n - . [O.l6A3,~2p + 0.44(A3p~2' + A3p~l,) + 0.40A3d~2p] 
(A-3) 
Equations (A-1) and (A-3) are then substituted directly into Eq. (3.6). By rewriting any rate coeffi-
dents in the monoenergetic form k = av, we thus obtain Eqs. (3.7-3.9) as given in Sec. 3.1.3. 
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